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Colloidal quantum dots (QDs) have shown to be a promising class of materials for the next 
generation displays. State-of-the-art QD-LEDs that utilize CdSe-based spherical core/shell (C/S) 
QDs as the electroluminescent layer have shown efficiencies and brightness that rival the best 
organic LEDs. One of the biggest challenges on developing these high performance QD-LEDs is 
the charge balance in these devices. Since the valence band edges of CdSe and the typical shell 
materials (CdS or ZnS) are significantly lower than those of available organic hole transport 
materials, the band alignment in most CdSe-based QD-LEDs usually favor electron injection over 
hole injection. This difference of energy barriers for electron and holes introduce difficulties for 
charge balance, which essentially affects the radiative carrier recombination, and the device 
performance. For example, while nanocrystal-based LEDs are showing high efficiencies, the 
maximum efficiencies are often observed in a relatively low-current, low-brightness regime (i.e., 
only one to a few hundred cd/m2) and the efficiency droop leads to less-than ideal performance at 
high luminance conditions useful for many applications. External quantum efficiency (EQE) at 
luminance levels relevant for high-end displays and general lighting (~1,000 and ~5,000 cd/m2, 
respectively) is modest at best. Therefore, promoting charge balance is critical for improving the 
performance of QD-LEDs.  
The first approach taken in my work for improving charge balance is to modify the band 
alignment in the devices to provide a better match of energy barriers for electron and hole injection. 
Self-assembled monolayer (SAM) is utilized to modify the ITO electrodes. The SAMs can modify 
the surface and the work function of ITO, facilitate hole transport into the device and therefore 
improve charge balance in DHNR-LEDs. Extremely bright DHNR-LEDs with maximum 
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luminance over 100,000 cd/m2 are demonstrated. Furthermore, maximum efficiencies appear at 
high luminance conditions that can be achieved at very low bias and current density (e.g., 3.1 V 
and 53 mA/cm2 at ~10,000 cd/m2, corresponding to EQE = 10.7 %, current efficiency = 21.7 cd/A, 
and luminous power efficacy = 19.5 lm/W). Despite the fact that DHNRs have only about half the 
photoluminescence quantum yield of C/S QDs, these achieved efficiencies at high luminance 
conditions are comparable to or surpass those demonstrated by the state-of-the-art QD-LEDs. 
Through further optimization of the thickness of DHNR films, the EQE of the SAM-based DHNR-
LED is improved to about 16%, confirmed the effect of SAM on improving hole transport and 
charge balance. 
In addition to the excellent electroluminescent properties, the double heterojunction 
structure in the DHNRs also allows charges to be extracted from the DHNR-LEDs, making them 
light-responsive LEDs. The photovoltaic response of the DHNR-LEDs provides sufficient 
photocurrent for photodetection, while also enabling energy scavenging and harvesting functions. 
An enhanced photovoltaic response would benefit both photodetection and energy harvesting 
purposes, but it is challenging to improve photovoltaic response while maintaining high LED 
performance. Surface modification of nanocrystals is demonstrated as an effective method to 
simultaneously improve both the photocurrent and the luminance in the DHNR-LEDs. The 
benzenethiol ligands applied for ligand exchange could reduce the interparticle spacing in the 
DHNR films, improving electrical conductivity of the films, and facilitating charge transport in 
the devices. Furthermore, it provides additional energy state between the valence band edge of the 
hole transport material and that of the semiconductor nanocrystals, facilitating hole injection and 
extraction in the devices. Through a simple ligand exchange process, the short circuit current, 
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power conversion efficiency and maximum luminance of the DHNR-LEDs are shown to improve 
29.3%, 33.3% and 29.0% respectively.  
With the development of this exciting class of materials, great interest has been focused on 
the scalable approaches to QD-LED fabrication. Dry means of patterning QD films and fabricating 
QD-LEDs have been studied. Instead of the commonly used polydimethylsiloxane (PDMS) 
elastomeric stamps, two different types of materials, shape memory polymer (SMP) and 
photoresist (PR), are utilized for patterning the QD films. The SMP can switch its elastic modulus 
as a function of temperature. At elevated temperature above Tg, the structured SMP stamps form 
conformal contact with the QD films, while at temperature below Tg the SMP exhibit large pull-
off forces, enabling rate-independent patterning of the QD films. Photolithographically 
patterned PR stamps are also explored for patterning QD films. The glassy state of the PR 
provides rigidity that ensures normal stress to be more evenly distributed on the stamp with less 
stress concentration at corners and edges, and also affords higher work of adhesion to the QD 
film than the PDMS stamps. These two characteristics provide a higher pull-off force between 
the PR and the QD film, which leads to higher patterning yields and spatial resolution that is on 
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CHAPTER 1.  
QUANTUM DOT LIGHT-EMITTING DIODES 
 
Significant components of this chapter are from “Jiang, Cho and Shim, J. Mater. Chem. C, to be published (2017)” 
 
Colloidal quantum dots (QDs) are nanoscale semiconductor crystals that are appealing for 
many optoelectronic applications due to their properties that are tunable with size, shape, and 
composition.[1.2] Their unique optical properties have attracted extensive research in the past 
three decades or so, and the high color purity and wide color gamut that can be achieved with QDs 
are generating much excitement especially in the display industry. In fact, displays containing QDs 
have already appeared and are beginning to thrive in the consumer market. Current commercial 
displays that incorporate QDs utilize their photoluminescence (PL) to down-convert a portion of 
the photons from blue light emitting diode (LED) to provide back-lighting with improved color 
gamut. In addition to this desirable PL characteristics, QDs are emerging as an important class of 
electroluminescent materials. A full series of red (R), green (G), and blue (B) colors have been 
achieved with QD-LEDs by utilizing different chemical compositions and sizes of QDs.[3–5] 
Figure 1.1 (a) shows an example of RGB electroluminescence (EL) and PL from QDs. The highly 
tunable emission wavelength of QDs allows a much wider color gamut to be achieved using QD-
LEDs compared to the NTSC color standards, as shown in Figure 1.1 (b). In addition to these 
exceptional narrow-width, tunable EL with low turn-on voltage, QD-LEDs also feature low-
temperature solution processability, which could  facilitate manufacturing and enable large-area 
and flexible devices.[6]  In recent years, solution-processed QD-LEDs have achieved efficiencies 





Figure 1.1. (a) Electroluminescence spectra of red, green, and blue quantum dot light-emitting diodes shown along 
with photoluminescence spectra and corresponding pictures of the actual devices, and (b) wide color gamut using 
QDs.(from Ref. 13) 
Over the past decade, the performance of QD-LEDs has rapidly improved through 
engineering of device architecture and charge transport materials, as well as through innovative 
designs of the QDs themselves. The efforts on fine-tuning the band structure of the nanocrystals 
and exploring shapes beyond spherical core/shell (C/S) structures are just beginning to be explored 
but a more sophisticated design of the nanocrystals can not only benefit device performance but 
also impart an entirely new set of capabilities in these promising LEDs.  
  
1.1 Device Architecture 
Much of the device architecture design in QD-LEDs has evolved from advances in OLEDs. 
Essentially all current QD-LEDs consist of an emissive QD film sandwiched between two charge 
transport layers (CTLs). Indium tin oxide (ITO) is widely used as the transparent electrode. 
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Poly(ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is commonly employed as the 
hole injection layer (HIL)[13.14] when organic hole transport layers (HTLs) are used in the 
conventional device structure.[3.8.15] For the inverted structure, large work function metal oxides 
such as MoO3 are often utilized between the anode and the HTL.   
As with any LEDs, the device architecture plays a vital role on device performance and 
lifetime of QD-LEDs. It has evolved over the last two decades, from simple p-n junction-like 
structure between a QD film on a polymer layer[16.17] to p-i-n junction-like structures with CTLs 
of different composition.[18.19] The early electroluminescent devices with QDs consisted of a QD 
film and a semiconducting polymer film between the cathode and the anode.[16.17] Although 
improvements have been made by utilizing C/S QDs[20.21] or incorporating more than one 
polymer film for hole injection and transport,[22] device architecture with separate electron 
transport layer (ETL) and HTL has quickly been adopted for much higher device performance. 
CTL combinations of all-organic, all-inorganic, and hybrid organic-inorganic have been developed 
and examined for both conventional and inverted structures.  
One of the earlier p-i-n structures that showed a substantial improvement has been the all-
organic device architecture utilizing CTLs developed for OLEDs with a monolayer of QDs. By 
incorporating N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD) as the 
HTL, (8-hydroxyquinoline)aluminum (Alq3) as ETL, and 3-(4-biphenylyl)-4-phenyl-5-t-
butylphenyl-1,2,4-triazole (TAZ) as a hole blocking layer, the luminescent power efficiency of the 
QD-LED has improved 25-fold compared to previous devices with polymer-QD p-n junction.[18] 
Introducing an HIL between ITO and the organic HTL has led to further improvements[19] and a 
series of QD-LEDs with emission wavelengths across the entire visible spectrum have been 
demonstrated with the all-organic CTL device structure.[23] More recently, the all-organic CTLs 
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have been used to explore alternative excitation mechanism in QD-LEDs.  A phosphorescent 
molecule-codoped ETL of 2,2 ′ ,2 ″ -tris(N-carbazolyl)-triphenylamine:iridium, tris(2-
phenylpyidine) (TCTA:Ir(ppy)3) has been employed as the triplet state harvester and energy 
transfer pump to facilitate nonradiative energy transfer from the CTL to the QDs.[24] Current 
record performance of all-organic nanocrystal-based LEDs has been achieved with polar 
electrolytic polymer ETL, and dot-in-rod nanocrystals as emitters.[25] The polar polymer ETL not 
only provides good charge balance in the devices, but also allows solution process for fabrication 
without affecting the optical properties of the emitters. The all-solution-processed LED showed 
maximum brightness of 1,200 cd/m2 and peak EQE of 6.1%.  
Currently, most of the high performance QD-LEDs are designed with organic-inorganic 
hybrid CTLs. In these devices, the ETL is usually an n-type semiconductor metal oxide, and the 
HTL is a p-type organic semiconductor that usually requires an additional HIL to facilitate charge 
injection from the anode. Since the valence band edge of most widely used QDs is typically at ~-
6 to -7 eV, which is significantly lower than that of most available organic HTLs, the barrier for 
hole injection is often much larger than that for electron injection. A typical organic-inorganic 
hybrid device of conventional architecture consists of ITO as the anode, with PEDOT:PSS as the 
HIL, a semiconducting polymer as the HTL, QD film as the emitting layer (EML), ZnO as the 
ETL, and Al as cathode,[3.26] as shown in Figure 1.2 (a) and 1.2 (c). These devices can be made 
through all-solution processes and have been shown to exhibit high performance/efficiencies with 
promising long-term device stability.[3.8] 
The organic-inorganic hybrid QD-LEDs have also been fabricated with an inverted 
structure (Figure 1.2 (b) and 1.2 (d)). These devices that use ITO as the cathode and the top 
electrode as the anode for the bottom-emitting configuration are becoming increasingly more 
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popular and important. The inverted structure can facilitate integration with widely used thin film 
transistor backplane technology for active-matrix pixels. Most inverted QD-LEDs still require 
vacuum-deposited HTL and HIL on top of the QD EML for high device efficiencies.[7.27]  QD-
LEDs of both conventional[3.8.28–31] and inverted[7] structures have exhibited near unity 
internal quantum efficiency (IQE), leading to external quantum efficiencies (EQEs) close to the 
theoretical maximum of ~20% set mainly by the light outcoupling efficiency limit.[32]  
Another device architecture that has drawn some attention is the all-inorganic device 
structure (Figure 1.2 (c) and 1.2 (f)). Organic materials used in QD-LEDs (and OLEDs) are quite 
susceptible to degradation in air and processing must be carried out in an inert environment. More 
importantly, the air-sensitivity can limit device performance and lifetime. Hence, all-inorganic 
QD-LEDs with metal oxides as CTLs may be very appealing.[33] ZnO, widely used in organic-
inorganic hybrid LEDs, is still a suitable choice as ETL. Therefore, the challenge remains, as is 
the case for many other device applications, with replacing HTL to a sufficiently high-performance 
p-type metal oxide with proper valence band edge position. Most well-known, of course, is NiOx 
and it has been examined as the HTL for QD-LEDs.[34.35]  However, the efficiencies of the 
devices are quite low (EQE less than 0.1% or luminous efficiency less than 0.014 cd/A), 
presumably due to the trap states on the surface of NiOx, which can quench QD emission and 
induce leakage current in the devices. By passivating the surface of the NiOx with a thin AlOx 
layer, the performance of the all-inorganic QD LEDs has been significantly improved, with a 





Figure 1.2. Different device architectures. Energy band alignments of (a) Organic-inorganic hybrid structure. (b)  
Inverted structure. (c) All-inorganic structure. (d) to (f) are device schematics corresponding to the energy band 
alignments in (a) – (c). ((a) (c) from Ref 3; (b) (e) from Ref 13; (c) (f) from Ref 34) 
 
1.2 Charge Balance in QD-LEDs 
When the number of electrons injected into the QD film is not equal to the number of holes 
injected, a large fraction of QDs can acquire a net charge, strongly degrading the QD-LED 
performance. Since the valence band edges of CdSe and the typical shell materials (CdS or ZnS) 
are significantly lower than those of available organic HTLs, the band alignment in most CdSe-
based QD-LEDs usually favors electron injection over hole injection. The energy level alignment 
of QDs with the commonly used ZnO ETL can also lead to a spontaneous electron transfer to the 
QDs, further offsetting charge balance.[37] If QDs in QD-LEDs are negatively charged due to 
such a charge transfer process even before any bias is applied, the device physics will be 
completely altered. The electron transfer from ETL/electrode can lead to the majority or a 
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significant portion of the emitting states being negative trions rather than desired neutral excitons 
in QDs when the device is turned on.[37] This charging effect has been examined through time-
resolved PL measurements of QD-LEDs under bias.[38.39] In particular, increasing PL lifetime 
of QDs in the EML has been observed upon sweeping the voltage from small forward to reverse 
bias. Since trions are expected to have a much shorter lifetime than neutral excitons and given that 
the polarity of the applied potential should favor electron flow from QDs to the cathode under 
reverse bias, the increasing PL lifetime with increasing reverse bias may be explained by the 
removal of electrons from the QDs leading to more contributions to PL from neutral excitons. 
Observation of a much better correlation of QD-LED peak EQE to negative trion PL quantum 
yield (QY) than with neutral exciton PL QY further supports the initial electron transfer from 
ZnO/electrode to QDs.[40] In addition to this electron transfer, smaller electron injection barrier 
than the hole barrier will result in further charge imbalance,  leading to multicarrier dynamics of 
negative trions rather than those of neutral excitons dictating QD-LED characteristics.[37] The 
degree of charging and therefore the role of non-radiative Auger recombination is expected to 
increase with increasing forward bias, reducing the value of peak efficiencies and causing 
efficiency roll-off (droop) in QD-LEDs.  
Even in the absence of excess charges due to electron transfer from ETL/electrode, large 
external fields can affect radiative recombination processes in QDs. The applied electric field can 
induce a spatial separation of electrons and holes, causing a polarization of the exciton wave 
function in the QD. As a result, radiative recombination rate is reduced and luminescence is 
quenched.[40.41] In fact, the efficiency roll-off in QD-LEDs has been suggested to arise from this 
electric field induced luminescence quenching (i.e.,  the Stark effect[40.41]) rather than the result 
of Auger processes due to excess charges.[37] Whether the Auger processes or the Stark effect 
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induced PL quenching dominates can depend on a variety of factors including the choice of charge 
transport materials in contact with QDs and the composition and thickness of the shell surrounding 
the QD. For example, a CdS shell which can form quasi type II band offset with CdSe can facilitate 
charge separation under an external electric field, significantly more so than a ZnS shell which 
will form a type I band offset that can help to keep both electron and the hole in the CdSe core.[40] 
While the mechanism of efficiency droop remains under debate, promoting charge balance 
is critical for improving performance of QD-LEDs. Several approaches have been examined to 
address this issue, including CTL engineering, modification of the shells and surfaces of QDs, and 
exploring QD composition beyond CdSe. These aspects will be briefly introduced here, and 
discussed in more detail in the following sections. In general, one approach is to modify the band 
alignment in the devices to provide a better match of energy barriers for electron and hole injection. 
For example, efforts have been made to select or modify CTLs to reduce the energy barrier for 
hole injection,[31] increase electron injection barrier[8] or a combination of modifying both 
barriers for more balanced charge injection. Similarly, raising the conduction band edge of the 
shell of the QD can impede electron injection and improve charge balance in the QD film.[42] 
Shell composition and thickness can also be exploited to provide other benefits. For instance, thick 
alloyed shell that forms type-I band offset with the core has been shown to suppress QD-QD energy 
transfer, prevent QD charging and reduce Auger recombination in devices.[38] Non-Cd-based 
QDs with a higher valence band edge position can provide a smaller energy barrier for hole 
injection leading to a net similar effect as selecting HTL with lower valence band edge 






1.3 Charge Transport Layer Engineering 
Given the multilayer architecture, the performance of QD-LEDs can be affected by many 
factors. One critical challenge, as we have discussed thus far, is the charge balance, which IQE, 
and therefore EQE, is directly proportional to. As mentioned earlier, most of the current state-of-
the-art QD-LEDs are made with the organic-inorganic hybrid structure.[7.8.30]  Given the widely 
different materials’ properties of the metal oxide ETL and the organic HTL, various combinations 
of and modifications to CTLs have been explored. Although TiO2 has also been used 
frequently,[28.29] the majority of organic-inorganic hybrid QD-LEDs use ZnO as the ETL. The 
preference for ZnO is often for the most widely studied red-emitting CdSe QDs and appears to be 
because the conductivity and conduction band alignment of ZnO are slightly more favorable than 
TiO2.[44] Currently, ZnO thin films prepared through the solution approach are the most 
commonly used ETL for QD-LEDs. The work function of ZnO ETL can also be tuned by 
introducing dopants such as Mg,[45.46] Ga[47] or Al.[48] Bilayer ETLs such as TiO2/ZnO 
stack,[49] or Al-doped ZnO/Li-doped ZnO stack[50] have also been explored for more precisely 
controlled energy band alignment. Processing conditions can affect the electron mobility of the 
ZnO films as well, which in turn impact device performance.[51] In addition to the doping method, 
chemical treatment at the interfaces using polymers such as polyethyleneimine (PEI)  have been 
used to control band alignment of the oxide ETLs to provide better balance between electrons and 
holes.[52.53]  
For the organic HTLs, most of the available materials have their valence band edge 
significantly higher than that of CdSe-based QD EMLs. Figure 1.3 compares the band positions 
of commonly used HTLs with CdSe/CdS EML and ZnO ETL. Further details of the organic HTLs 
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are given in Table 1.1. In addition to the larger band edge offset with EML, conductivity of HTL 
can be significantly different than that of the ETL. Then, one method to ameliorate the problem of 
charge imbalance is to dope the HTL. For example, by doping the HTL, poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-(4,4’-(N-(4-sec-butylphenyl))diphenylamine)] (TFB), with 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), the hole injection barrier has been 
shown to be reduced by up to 0.19 eV (Figure 1.4 (a)).[31] The conductivity of HTL is increased 
upon doping as well. The HIL can also be modified or changed to improve hole injection and 
charge balance. For example, replacing commonly used PEDOT:PSS with a fluorinated self-
assembled monolayer on ITO (Figure 1.4(b)) has led to reduced resistance on the hole side, leading 
to better charge balance.[54]  
 
Figure 1.3. Energy band positions of some commonly used HTLs in comparison with the PEDOT:PSS as HIL, CdS, 





Table 1.1. Commonly used HTL materials. 
 
Instead of improving hole injection/transport for charge balance, the opposite approach of 
reducing electron injection has also been examined. By introducing an insulating thin film of 
poly(methyl methacrylate) between the QD film and the ZnO ETL and increasing the ETL 
thickness (Figure 1.4 (c)), electron injection could be suppressed in QD-LEDs. These 
modifications have led to EQE (20.5%) approaching the theoretical limit for QD-LEDs set by light 
outcoupling.[8] The device characteristics with this current record EQE are shown in Figure 1.4 
(d) and (e). However, the introduction of an insulating layer to enhance EQE may come at a cost 





Figure 1.4. Different strategies for CTL engineering (a) Doping HTL (from Ref 31) (b) SAM modification on ITO 
substrate (from Ref 54) (c) blocking electrons with PMMA layer (d) (e) are the device characteristics with the structure 
in (c). ((d)-(e) from Ref 8) 
In addition to the band structure and energy level alignment, the thicknesses of the CTLs 
also need to be optimized for high device performance. The thicknesses of CTLs first affect the 
resistance on each side of the EML, which in turn influence charge transport and balance. 
Furthermore, the thickness of CTLs essentially determines the distance between excitons and the 
metal electrode, which can reflect light, cause losses through coupling to surface plasmons[55] 
and/or alter the distribution of the confined radiation field or local density of optical states 
(LDOS).[56] Hence, CTL thickness plays a critical role in device performance. In general, 
although often not explicitly discussed, CTL thicknesses need to be optimized for any new 




1.4 Effects of the Shell and Surface Capping Ligands in Cd-II-VI-Based QD-LEDs 
CdSe-based C/S QDs have been the most extensively studied nanocrystals for QD-LEDs 
for many reasons including color tunability with narrow linewidth in the visible spectral range, the 
best established synthetic protocols with near unity PL QYs, and wide availability. From ZnS shell 
to gradient alloy composition and “giant” shells, C/S QDs of several different shell composition 
and thickness have been incorporated into QD-LEDs as the EML. The shell can affect device 
performance in several ways.  
One important impact well known from many PL studies is that shells can minimize effects 
of surface traps[57] and suppress non-radiative recombination.[15] In most cases, it is probably 
true that higher solution PL QY will more likely lead to higher EL efficiency. However, the 
radiative recombination efficiency under the device operation conditions is what actually matters 
for LED brightness and efficiency. Even without an applied bias, films of QDs often have 
significantly lower PL QYs than in dilute solutions.[38]  Energy transfer in QD solids has been 
observed[58] and can be a significant contribution to this reduction in PL.[40.59] Energy transfer 
can also reduce EL in QD films used as EML in QD-LEDs and the thickness of the shell has been 
exploited to address this problem. In particular, a “giant” CdS shell with more than 10 CdS 
monolayers overcoating the CdSe core has been shown to mitigate the QD-QD energy transfer 
induced losses[42.48] and in turn improve LED luminance and efficiency.[15]  
The composition of the shell material also plays a vital role in the performance of QD-
LEDs. While CdS shell can reduce non-radiative recombination and even allow near unity solution 
PL QYs,[42] the energy level alignment of CdS may be less than ideal for CdSe-based QD-LED 
devices. As shown in the bottom inset of Figure 1.5 (a), CdS can form a quasi-type II band offset 
with CdSe, with a conduction band edge very close to that of the ZnO ETL. This band alignment 
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leads to a significantly lower electron injection barrier than that of the hole. As discussed earlier, 
this energy level alignment not only causes asymmetric injection barriers but can also lead to 
electron transfer into QDs from ETL/cathode. To address this electron transfer issue and to achieve 
better charge balance, the composition of shell material has also been examined. Compare to CdS, 
another commonly used shell material ZnS forms type I heterostructure with CdSe core, and 
introduce larger energy barrier for electron injection. ZnS shell has been shown to remove the bias 
dependence of the PL lifetime (in the small bias regime), indicating that it may be effective in 
blocking the initial electron transfer.[38.39]  However, with a wide bandgap of 3.6 eV, ZnS also 
possesses low valence band edge, leading to large injection barriers for both charge carriers. In 
addition, ZnS has a significantly smaller lattice constant than CdSe, which will lead to lattice 
mismatch and therefore to problems associated with lattice strain especially if the CdSe core is 
large. Alloyed Zn0.5Cd0.5S shell has been introduced to address this problem.[37] As shown in the 
top inset of Figure 1.5 (a), a Zn0.5Cd0.5S alloy shell on CdSe/CdS QDs raises the energy barrier for 
electron injection, reducing the difference with the hole injection barrier.  By engineering the shell 
composition, the maximum EQE has been increased by about an order of magnitude, with reduced 
efficiency droop (Figure 1.5 (a)).  Further improvements in QD-LED performance have been 
achieved by optimizing both composition and thickness of the shell using graded alloy shells 
(Figure 1.5 (b)), which have allowed better matching of charge injection barriers and minimized 






Figure 1.5. EQE versus current-density of QD-LEDs with (a) CdSe/CdS QDs and CdSe/CdS/Zn0.5Cd0.5S QDs and (b) 
CdSe/ Zn1-xCdx–S of varied total radius R. The insets in (a) compare the energy band alignment of CdSe/CdS vs. 
CdSe/CdS/Zn0.5Cd0.5S QDs. The top figure in (b) is a schematic of the successive growth for the graded alloy shell. 
((a) is from Ref 37; (b) is from Ref 38) 
In addition to the inorganic shell, organic surface ligands can have profound effects on the 
optical and electrical properties of QDs and therefore the performance of QD-LEDs. First, surface 
ligands affect the conductivity of the QD films, and therefore the charge transport in QD-LEDs. 
The native ligands used in the synthesis QDs often contain long carbon chains (C8-C18). These 
native ligands are not necessarily ideal for LED applications and the exchange of surface ligands 
may be beneficial. To improve electrical conductivity and charge transport in QD films, molecules 
with shorter lengths are typically selected for ligand exchange. For example, replacing the oleic 
acid ligands on the as-synthesized ZnCdS/ZnS C/S QDs with shorter 1-octanethiol ligands has 
been shown to lead to increases in both the electron mobility within the QD film and the hole 
injection into the QD film, yielding better charge balance and device efficiency.[60] To further 
reduce the chain length and facilitate charge transport, halide ions have also been explored.[61] 
By treating the CdSe/ZnS QD films with a cetyl trimethylammonium bromide solution, the surface 
ligands are changed to bromide anions. Compare to QDs capped with native oleic acid ligands, the 
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bromide-capped QDs exhibit improved device characteristics (maximum EL intensity increases 
from 57,000 cd/m2 to 71,000 cd/m2 and current efficiency increases from 5.1 cd/A to 6.4 cd/A). 
Second, the surface-bound ligand molecules can also generate electric dipoles between the ligand 
headgroup and the surface atom of the QDs. As a result, the energy level of the QDs can be shifted, 
which in turn affect the band alignment in the devices. For example, by partially exchanging the 
native oleic acid ligands with benzenethiol on CdSe/ZnS QDs, the valence band edge can be shifted 
by 0.3 eV, reducing the hole injection barrier and improving device performance – decreasing the 
turn-on voltage by 0.6 V and improving maximum current efficiency from ~11 cd/A to ~19 
cd/A.[62] Ligand exchange can also affect to the energy levels of CTLs. For example, by replacing 
the native oleic acid ligands with poly(amidoamine) dendrimers at the QD/ZnO interface, the 
conduction band edge energy level and the Fermi level of the ZnO have been shown to shift up by 
0.5 eV as a consequence of coordination of primary amine groups onto the surface Zn atoms.[63] 
This energy level shift of ETL increases barrier for electron injection, leading to a 3-fold 
improvement of peak EQE from 3.86% to 11.36%.  
 
1.5 Cd-Free QD-LEDs 
Efforts for optimizing composition and thickness of CTLs and shells/surfaces of QDs have 
led to rapid advances in CdSe-based QD-LEDs. However, the use of Cd is severely restricted in 
commercial products and QDs of Cd-free composition are drawing much attention for most 
applications of QDs including QD-LEDs. Among different candidates, InP, CuInS2 and related 
materials have been examined the most. These materials have a higher valence band edge 
compared to CdSe and the problem of large hole injection barrier that leads to difficulties in charge 
balance in the CdSe-based QD LEDs may be significantly alleviated by simply replacing CdSe 
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with these non-Cd materials. However, the challenge remains in the synthesis of high-quality 
materials that exhibit optical characteristics comparable to CdSe-based QDs, namely, narrow 
linewidth and high PL QYs. In recent years, there has also been a rapidly growing interest in metal 
halide perovskites and their QDs. After exhibiting great success in solar cells, these materials are 
now being intensively studied as an active material for LEDs.[64.65] However, given the nascent 
nature of this field and given that these materials also contain a restricted element, Pb, we will 
limit our discussion here to InP and I-III-VI2 based QDs for LED applications. 
InP-based QDs possess the proper band gap range that leads to PL across the visible 
spectral region (Figure 1.6 (a)) and band alignment that can be matched with available organic 
CTLs better than CdSe (bulk InP has valence band maximum at 5.2-5.3 eV compare to bulk CdSe, 
which has it at 5.7-5.8 eV[66]).   InP-based QD-LEDs have employed materials and device 
structures similar to CdSe-based QD-LEDs. The C/S structure widely used for CdSe QDs in 
enhancing stability and PL QY has been adopted for InP QDs. For example, InP QDs passivated 
with thick ZnSeS composition-gradient shells have led to green-emitting QD-LEDs with a 
maximum luminance of 3,900 cd/m2 and a maximum EQE of 3.46% (Figure 1.6 (c)).[43]  Using 
an additional thick ZnS shell and ZnMgO as ETL, a PL QY of 70% and maximum luminance over 
10,000 cd/m2 have been demonstrated with these “giant” InP/ZnSeS/ZnS QDs.[67] Different 
shapes of InP-based QDs have also been explored. For example, InP/ZnS small-core/thick-shell 
tetrahedral shaped QDs with blue emission have been synthesized using a zinc halide mediated 
colloidal method, generating 90 cd/m2 maximum EL.[68]  
As for the device architecture, CTL engineering has also been an important approach for 
improving device performance in InP-based QD-LEDs. Inverted structure with organic-inorganic 
hybrid CTLs has been utilized in many InP-based QD-LEDs.[43.67.68] The valence band edge of 
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InP-based QDs aligns quite well with several organic HTLs, such as 4,4’,4’’-tris(N-
carbazolyl)triphenylamine (TCTA)[43] and 4,4 ′ -cyclohexylidenebis[N,N-bis(4-meth-
ylphenyl)benzenamine (TAPC).[69] Although a sol-gel ZnO film has been used as the ETL, 
generating over 3,000 cd/m2 maximum EL at ~540 nm,[70] the energy alignment is not ideal with 
InP-based QDs. The conduction band edge of InP-based QDs is significantly higher than that of 
ZnO. Therefore, ZnMgO-nanoparticle-based film has been applied as ETL to reduce electron 
injection barrier and promote charge balance.[67] Inserting a thin layer of  poly[(9,9-bis(3′-(N,N 
dimethylamino) propyl)-2,7-(9,9-ioctyl-fluorene) (PFN) between the QD emitting layer and the 
ZnO layer has been shown to be another route to facilitate electron injection.[43] Solution-
processed ZrO2 has also been demonstrated as a feasible ETL for InP-based QDs.[69] Progress 
continues to be made in both emitter material synthesis and device fabrication. 
Beyond II-VIs and III-Vs, I-III-VI2 compounds have also been explored as EML for QD-
LEDs. QDs of CuInS2, CuInSe2 and related compositions can exhibit PL that can span the visible 
through near infrared spectral region.  For example, varying the In/Ga molar ratio in Cu-In-Ga-S 
QDs has been shown to control the emission wavelength between 479 – 578 nm range[71] and 
varying the size of CuInSe2 within the quantum confinement regime can give rise to emission 
range from red into the near infrared.[72.73] Although their PL is usually associated with at least 
one of the charge carriers being localized in a trap state,[74.75] I-III-VI2 QDs can be quite bright 
especially with the C/S  structure. In a standard organic-inorganic hybrid device structure with 
PEDOT:PSS as HIL, PVK as HTL and ZnO as ETL, the maximum luminance of 1,673 cd/m2 and 
maximum EQE of 1.54% have been achieved with Cu-In-S/ZnS QDs.[71] Composition-tunable 
PL emission over the entire visible spectral window and extending into the near-infrared has also 
been obtained with Cu doped Zn-In-S/ZnS C/S  QDs (Figure 1.6 (b)).[76] Similar to InP-based 
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QDs, I-III-VI2-based QD-LEDs still lag behind CdSe-based QD-LEDs with respect to linewidth, 
brightness and efficiencies but improvements continue to be reported. Early on, maximum 
luminance of 1200 cd/m2, 1160 cd/m2, 1600 cd/m2 has been reported for red, yellow and green 
emission, respectively, with corresponding current efficiencies of 0.58 cd/A, 0.49 cd/A, 0.62 
cd/A.[77] Recently, yellow emitting LEDs with CuInS2/ZnS C/S QDs in an organic-inorganic 
hybrid device structure have exhibited EQE of 7.3%, with maximum luminance of 8,464 cd/m2 
(Figure 1.6 (d)), demonstrating much promise in these Cd-free QD-LEDs.[78] 
 
Figure 1.6. Cd-free QDs and Devices. (a) InP QDs with PL emission ranging across the visible spectral range (from 
Ref 79) (b) Composition-tunable PL emission over the entire visible spectral window and extending into the near-
infrared spectral window obtained with Cu doped Zn-In-S/ZnS C/S QDs (from Ref 76) (c) Device structure and 
characteristics of InP-QD based LEDs (from Ref 43) (d) Heterostructured C/S Cu-In-S (CIS)/ZnS QDs and the EQE-
luminance characteristics of the devices. (from Ref 78) 
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1.6 Lower-Symmetry Nanocrystal Emitters for LEDs 
Beyond the challenges associated with developing Cd-free materials of equivalent or better 
optical properties, the current state-of-the-art QD-LEDs appear to have reached a ceiling on device 
performance.[7.8]  When the transition dipoles of the emitters are randomly oriented, the 
maximum EQE of OLEDs and QD-LEDs, which have multilayer thin film device structure, is 
limited by the light outcoupling efficiency that tops at ~20%.[32] Losses through surface plasmons, 
waveguide modes, non-radiative recombination and other processes contribute to this limit.[79] 
Although spherical C/S QDs are the most widely used QD-LEDs, lower-symmetry anisotropic 
nanocrystals are beginning to be investigated. Anisotropic structures are promising since they may 
be engineered to have in-plane dipoles that could increase the light outcoupling limit by about a 
factor of 2 and may also provide additional unique benefits.  
One type of the lower-symmetry nanocrystals that have been incorporated into LEDs are 
nanoplatelets (NPLs). With a largely 2D structure, the NPLs fall in the strong confinement regime 
and exhibit thickness-tunable emission.[80] Since NPLs can be synthesized with near-atomic level 
control over their thickness, the emission linewidth of NPLs can be extremely narrow (on the order 
of 10 nm at peak position of 508 nm).[81] In addition to the narrow linewidth, the 2D structure 
presents different density of states and exciton binding energy compare to 0D nanoparticles, which 
may also impact the device performance when they are used as emitters in LEDs.[80] The first 
NPL-LED has been made with quasi-2D colloidal C/S CdSe/Cd0.7Zn0.3S NPLs with 1.2 nm thick 
core and 2 nm thick shell as the emissive material.[82] A maximum luminance of 4,499 cd/m2 and 
peak EQE of 0.63% have been achieved with red-emitting NPL-LEDs that have hybrid 
organic/inorganic device structure consisting of ITO/PEDOT:PSS/PVK/NPL/ZnO/Al. Green-
emitting NPL-LEDs (EL peak position at 515 nm) with bare CdSe NPL as emitters have also been 
21 
 
reported.[81] By alloying CdSe colloidal NPLs with CdS, the emission wavelength range can be 
further fine-tuned.[83] EL at 496 nm, 507 nm, 520 nm has been demonstrated with these CdSe1-
xSx NPLs, with maximum luminance < 100 cd/m
2. More recently, maximum luminance up to 
33,000 cd/m2 and peak EQE of 5% have been achieved for NPL-LEDs with CdSe/CdS C/S NPLs 
as the EML.[84] 
Rod-shaped nanocrystals have also been used as emitters in LEDs. The first example of 
nanorod-LEDs used CdSe/CdS C/S nanorods for light emission. The nanorods were first spin-cast 
on a substrate, and then rubbed uniaxially using a velvet cloth under heating, resulting in partially 
oriented nanorods. As a result, polarized EL emission from these devices has been 
demonstrated.[85] Better lateral alignment of these nanorods has been achieved at the air-water 
interface.[86] However, possibly due to the more complex processes including self-assembly and 
contact transfer printing, the device performance did not improve much. Another type of rod-
shaped nanocrystals is the dot-in-rod (DiR) heterostructures. As the name suggests, a CdSe QD is 
buried in a CdS nanorod in these DiRs. LEDs with deep-red-emitting CdSe/CdS DiRs and a 
polyelectrolytic ETL with mobile Br- counteranions have exhibited a maximum luminance of 
1,200 cd/m2 with a maximum EQE of 6.1%.[25] Nanocrystals with even more complex 
morphologies have been widely synthesized, but rarely used as emitters in LEDs. One example is 
CdSe (core)/CdS (arm) tetrapods.[87] A simple device structure with 
ITO/PEDOT:PSS/tetrapods/LiF/Al has been utilized. Under lower bias (< 5 V), only the CdSe 
core emits light at 660 nm, while under higher bias (> 5V), the CdS arms also start to emit at 500 
nm, resulting in spectrally distinct, dual wavelength EL.  
These different types of lower-symmetry nanocrystals are very interesting and 
scientifically important, but when they are used as emitters in LEDs, the device performance 
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generally falls quite far behind the current state-of-the-art QD-LEDs. Although device 
performance would likely improve with further efforts, the problem of charge balance mentioned 
above remains for the lower-symmetry nanocrystals. Since these nanocrystals are still adopting 
CdSe-based C/S structures, the energy band alignment in devices would still favor electron 
injection over hole injection and only a single shell material is physically accessible for carrier 
injection. Double heterojunction nanorods (DHNRs) in which two distinct semiconductor 
materials with type-II staggered band offset are both in contact with one smaller band gap emitting 
QD have been developed to address these problems. As discussed in the following chapters, 
DHNRs not only improve LED performance through enhanced charge balance and light 
outcoupling but also provide new capabilities that can define exciting directions for the next 
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CHAPTER 2.  
DOUBLE HETEROJUNCTION NANOROD LEDs 
 
Significant components of this chapter are from “Jiang, Cho and Shim, J. Mater. Chem. C, to be published (2017)” 
 
2.1 Double Heterojunction Nanorods 
The C/S structure, whether the core is of spherical or rod shape (i.e., C/S dots, dot-in-rods, 
core/sheath rods), is not the ideal structure especially when considering charge injection. While a 
complete shell surrounding the emitting core is often necessary for high PL QYs, it represents a 
barrier for charge injection. For CdSe QDs, ZnS and CdS are the most widely used as the shell 
materials. A ZnS shell, which forms a straddling type I band offset with CdSe QD, imposes 
significant barriers for both electron and holes. A CdS shell will exhibit a quasi-type II band offset 
(or type I with a much smaller conduction band offset) with the CdSe core, leading to little or no 
barrier for the electrons and a much larger one for the holes. The organic HTLs used in the 
prevalent organic-inorganic device structures already impose a much larger valence band edge 
offset with CdSe (and therefore a much larger hole injection barrier) than the conduction band 
offset between CdSe and oxide ETLs. The asymmetric charge injection barrier imposed by CdS 
shell can amplify the charge balance problem that could be detrimental to device performance.    
Rather than a single composition shell, two distinct materials that have properly matched 
band gaps and alignment and that are both physically accessible to the CTLs would allow 
independent control over the electron and the hole injection processes, facilitating charge balance. 
Such a structure would amount to a colloidal QD equivalent of the double heterostructure 
commonly employed in current III-V LEDs and semiconductor lasers.[1.2] While a proper choice 
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of CTLs can allow a double heterostructure with QD emitters in the middle, direct growth of two 
distinct shell materials would minimize undesirable surface states and ensure high PL QYs as well. 
Furthermore, colloidal double heterostructures may not only lead to similar benefits seen in 
heteroepitaxial semiconductor devices but also impart new capabilities and new means of 
controlling desirable properties of QDs. However, the small size of QDs and the relatively high 
temperature solutions they are grown in make it extremely challenging to achieve two-composition 
asymmetric shells that are only about a nm thick. A successful approach to achieving the double 
heterostructure in colloidal nanocrystals is based on nanorod synthesis.[3–5] In these double 
heterojunction nanorods (DHNRs), two distinct semiconductor materials, CdS and ZnSe, that 
would form a type II staggered band offset by themselves, are both in contact with the smaller 
band gap emitting CdSe QD.[6] (Figure 2.1 (a)) The key strategy is to start with the solution growth 
of CdS nanorods (NRs), which reduces the symmetry and provides preferential tip growth. CdSe 
QDs are then grown at the tips, followed by ZnSe which initially grows selectively on the CdSe 
tips. Despite three growth steps, the size/shape distribution of the initial CdS NRs can be 
maintained quite well as demonstrated by the TEM images in Figure 2.1 (b).  
The absorption and PL spectra at each step of the synthesis are shown in Figure 2.1 (c). 
The bottom spectra correspond to the seed CdS NRs and the top two spectra show the effects of 
increasing amount of ZnSe growth. Interestingly, when CdSe grows at the tips of the seed CdS 
NRs, double-peaked PL can be seen. This feature in the PL is due to two distinct sizes of CdSe 
grown at the tips, presumably arising from different growth rates on the two different ends of the 
NR tips. The merger of the two PL peaks concurrent with the red-shift upon ZnSe growth has been 
attributed to Zn-oleate induced etching and ripening upon Se reagent addition.[7] While the 
solution PL QY of DHNRs (~40%) is lower than CdSe-based C/S QDs (approaching unity), the 
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linewidth is comparable to or even narrower than the C/S counterpart (full-width-half-maximum, 
FWHM, of DHNRs is ~25 to 30 nm). The narrow linewidth PL of the final DHNR structures is 
somewhat surprising especially in that CdSe QDs have been grown by heterogeneous nucleation 
at the tips of CdS NRs with initial double-peaked emission. That is, CdSe QDs in DHNRs initially 
had a bimodal size distribution that should be significantly broader than CdSe in C/S QDs which 
have been quite well optimized for tight size control. Anisotropic strain imposed by an asymmetric 
shell has recently been shown to lift valence band degeneracies and lead to narrower linewidths in 
C/S QDs[8] and similar effects may be occurring here with two different lattices surrounding the 
CdSe emitter in DHNRs. 
 
Figure 2.1. (a) Energy band alignment and schematic of the double heterojunction nanorods (DHNRs) (b) From left 
to right panels: representative TEM and STEM images of CdS nanorod seeds, CdS/CdSe nanorod heterostructures 
and CdS/CdSe/ZnSe DHNRs (c) From bottom to top: absorption and emission spectra of CdS nanords, CdS/CdSe 






2.2 DHNR-LED Characteristics and the Role of Shape Anisotropy 
With reasonably high PL QY and narrow linewidths, DHNRs have been examined as light 
emitters in LEDs. DHNR-LEDs are fabricated with device design similar to reported C/S QD-
LEDs. The device architecture consisting of ITO/PEDOT:PSS/TFB (F4TCNQ)/DHNR/ZnO/Al is 
shown in Figure 1.4 (a). As mentioned in Chapter 1.3, the HTL TFB is doped with F4TCNQ 
molecules for lower HOMO level, higher conductivity and lower solubility in organic solvents. 
The advantages afforded by F4TCNQ along with the benefits of the double heterojunction designed 
into DHNRs lead to an exceptional LED performance.[9] As shown in Figure 2.2 (a), very narrow 
and bright EL is observed over the entire operation range. The full-width-half-maximum (FWHM) 
of the EL peaks is about 26 nm. The maximum EQE of the DHNR-LED is 12%, with maximum 
luminance of 76,000 cd/m2 (Figure 2.2 (b)). While these characteristics are comparable to the best 
reported QD-LEDs, the current and power efficiencies of 27.5 cd/A and 34.6 lm/W, respectively 
(Figure 2.2 (c)), exceeds all QD-LEDs of similar emission wavelength.  
 
Figure 2.2. (a) EL spectra of a DHNR-LED at the indicated applied voltages along with normalized solution PL 
spectrum of the DHNRs. Inset shows a comparison of solution PL with low bias EL. (b) EQE-current density of a 
DHNR-LED. Inset shows the dependence of luminance and current density on the applied voltage. (c) Dependence of 
current and power efficiencies on luminance. (from Ref 9)  
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 In fact, compare to control C/S QD-LEDs that are fabricated with the same device structure, 
the efficiencies of DHNR-LEDs are routinely 2 to 3 times higher and brighter EL can be readily 
seen by the naked eye. Figure 2.3 (a) is a photograph comparing the brightness of C/S QD-LED 
and DHNR-LED both operating at 4 V. The luminance and current density of DHNR-LED and 
QD-LED with CdSe/CdS/ZnS QDs are compared in Figure 2.3 (b).[10] Although the straddling 
type-I band offset of C/S QDs leads to higher PL QYs, the wide band gap shell introduces large 
barriers for injection of both electrons and holes. On the other hand, the solution PL QY of DHNRs 
is only about half that of C/S QDs, but the band structure is overall type II while the emitting center 
is surrounded by two materials that each form a type I offset with it. Therefore, reduction in the 
mismatch between electron and hole injection barrier heights can be expected with DHNRs. 
 In addition to the favorable energy level alignment, the rod geometry of DHNRs brings 
additional advantages. First, because CdSe is grown at the tips of the nanorods, emitters are 
relatively far away from each other compared to nearly close-packed array of C/S QDs, and 
therefore minimize energy transfer losses. This is a similar effect to the thick shell “giant” QD-
LEDs discussed in Chapter 1.4, but without the thick shell, the turn-on voltage of DHNRs can be 
kept low (~1.7 V) and the power efficiency can be high. The dilute solution PL and low bias EL 
(inset of Figure 2.2 (a)) show good overlap in peak position and linewidth, supporting the idea of 




Figure 2.3. (a) Photograph of a QD-LED and a DHNR-LED both operating at 4 V. (from ref  9) (b) Luminance-
current density -applied voltage (L-J-V) characteristics of a DHNR-LED and two QD-LEDs. (c) EQE-current density 
of DHNR-LED vs QD-LEDs. (from Ref 10)  
 The second unique advantage is the enhanced light outcoupling afforded by the shape 
anisotropy of DHNRs that lie flat on the substrate. Studies on OLEDs have shown that random 
transition dipole orientation leads to a maximum light outcoupling efficiency (out) of only about 
20%, while surface parallel dipoles can lead to out ≥ 40%.[11–13] Nearly spherical C/S QDs in 
QD-LEDs appear to fall close to the former case of random transition dipoles, while DHNRs with 
their shape anisotropy with spatially engineered, dual-composition “shell” fall close to the latter 
case. (schematics in Figure 2.4) That is, the directionality of the type II staggered band offset 
between CdS and ZnSe that asymmetrically surround the emitting CdSe center induces a transition 
dipole along the rod axis, which lies parallel to the substrate. Variable angle spectroscopic 
ellipsometry studies, as shown in Figure 2.4 (a), have revealed that the complex refractive index 
of DHNR films consists of a significantly larger ordinary (in-plane) extinction k0 than the 
extraordinary (out-of-plane) extinction ke, while C/S QD films do not exhibit such anisotropy in 
the imaginary part of their refractive index (Figure 2.4 (b)). Hence, DHNRs with their in-plane 
orientation and spatially anisotropic band structure significantly increase the upper limit of out, 




Figure 2.4. Ordinary (in-plane) real (n0) and imaginary parts (k0) of the refractive index and extraordinary (out-of-
plane) components, ne and ke, measured by variable angle spectroscopic ellipsometry (a) DHNR and (b) C/S QD films 
both spin-cast on Si wafer. (from Ref 9)  
With recent reports of EQE around 20%,[14],[15] QD-LEDs appear to have hit the ceiling 
on device efficiency set by the light outcoupling efficiency. There may not be much room for 
further improvement in device performance using C/S QDs unless new means of improving light 
extraction is introduced, which may require drastic changes to device fabrication and therefore 
cumbersome re-optimization efforts to recover maximum efficiency may become necessary. The 
anisotropic shape and band structure designed into DHNRs can not only enhance charge injection 
and light outcoupling but also bring capabilities that may pave new paths to the next generation of 
optoelectronic devices.  
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2.3 Towards Multifunctional Emissive Displays 
The unique band structure engineered into DHNRs allows independent control over 
electron and hole manipulation, which facilitates both injection and extraction of charge 
carriers.[16] Symmetric shell of C/S QDs, on the other hand, hinders the transfer of at least one of 
the charge carriers in and out of the core. Therefore, when the LEDs are operated as photodetectors, 
the DHNR-LED exhibits 20-fold higher short-circuit current than C/S QD-LEDs (Figure 2.5 (a)). 
This efficient carrier extraction leads to distinctly different bias-dependent PL lifetime for DHNR-
LEDs than QD-LEDs (Figure 2.5 (b)). When the DHNR-LED is shorted (V<VOC), photoexcited 
charge carriers are extracted and transported out from the DHNRs, which is manifested by the 
shorter PL lifetime. When the applied voltage is higher than VOC, the photocurrent is canceled out, 
and carriers are allowed to remain and recombine radiatively, hence the increase of average PL 
lifetime. When the device is electrically floating, photogenerated carriers remain in the DHNR 
instead of being extracted out, and therefore the average PL lifetime is similar to the V=VOC 
condition. In comparison, since the photocarrier extraction from the C/S QDs is negligible, the PL 






Figure 2.5. (a) Photocurrent under 5-mW, 532-nm excitation for core/shell (C/S) QD- and DHNR-LEDs (red and blue 
curves, respectively). The inset shows the power dependence for the DHNR-LED. (b) Bias-dependent weighted 
average PL lifetime of QD- and DHNR-LEDs. Small bias range ensures no contribution from electroluminescence. 
Open circuits (stars) correspond to measurements when the devices are electrically floating. (from Ref 16) 
In addition to efficient electroluminescence and photocurrent generation, a fast response is 
necessary for developing platforms relevant for video displays and practical photodetectors. 
Transient measurements show that the electroluminescence from a DHNR-LED decays in about 
0.8 s (Figure 2.6 (a)), three orders of magnitude faster than the ~ 2 ms response of current 
commercial liquid crystal displays (LCDs). Temporal response in the photodetector mode is also 
sufficiently fast in the microsecond range (Figure 2.6 (b)). By using alternating forward and 
reverse bias at a sub-ms time scale, fast response times can be exploited to detect signal while 
appearing to be continuously emitting light to the human eye. The photocurrent arising from a 
green laser (modulated by an optical chopper at 10 Hz) detected under ac operation (+3/–2 V with 




Figure 2.6. (a) Transient electroluminescence (EL) showing decay time (Decay); a.u., arbitrary units. (b) Photocurrent 
in response to illumination by a blue LED source driven by 3 V, 50 ms square-wave voltage pulses. Response time is 
defined as the time between 10 and 90% of the maximum photocurrent. (c) Schematic of the simultaneous light-
emitting and light detecting operation using ac bias. (d) Photocurrent measured during the dual-mode operation. (from 
Ref 16) 
High photocurrent and fast response time together allow DHNR-LEDs to be operated as 
high-performance photodetectors. By integrating a simple control circuit, the detected signal can 
also be translated into a desired response. Emissive displays that are capable of automatic 
brightness control at the individual pixel level, touchless user interfaces, imaging, massively 
parallel data communication and energy harvesting, etc. have been demonstrated[16] (Figure 2.7). 
40 
 
These capabilities completely redefine what a display is and how it functions, or rather, how it can 
multitask, leading to new and exciting modes of communication, drawing or artistic creativity. 
 
Figure 2.7. Proof-of-concept applications of fast light-responsive DHNR-LEDs. (a and b) Automatic brightness 
control at the single-pixel level in response to an approaching white LED bulb or an approaching finger that blocks 
ambient light. (c) Demonstration of light signal generation and detection using two identical DHNR-LEDs; a.u., 
arbitrary units. (d) Current density versus voltage characteristics of a light-harvesting DHNR-LED under dark and 
AM 1.5 (100 mW/cm2) conditions. PCE, power conversion efficiency; FF, fill factor; JSC, short-circuit current density. 
(e) Time-dependent voltage curves of a supercapacitor (SC) being charged by and powering four DHNR-LEDs. Insets 





2.4 Experimental Details: Optimization of ZnSe on DHNRs for Device Fabrication 
(1) Synthesis of CdS/CdSe/ZnSe DHNRs 
CdS/CdSe/ZnSe DHNRs were synthesized according to previously reported method with 
a minor modification.15 Briefly, 0.128 g of CdO powder and 0.668 g of ODPA in 2.0 g of TOPO 
were degassed at 150 ̊C for 30 min, then heated to 370 ̊C under N2 atmosphere. After forming Cd-
ODPA complex, 16 mg of S dissolved in 1.5 mL of TOP was quickly injected at 370 ̊C and stirred 
for 20 min at 330 ̊C. After 15 min, the reaction mixture was cooled to 250 ̊C. At this temperature, 
20 mg of Se dissolved in 1.0 mL of TOP was slowly added at a rate of 4 ml/h via a syringe pump 
(total injection time ~ 15 min). After 10 min, the reaction mixture was cooled to room temperature 
and the resulting CdS/CdSe nanorods were precipitated and redissolved in 4 mL of chloroform. In 
a separate flask, 6 mL of octadecene, 1.13g of oleic acid and 0.184 g of Zn acetate were degassed 
at 150  ̊C for 30 min and were allowed to stir at 250 ̊C under N2 atmosphere for 1 h. Then 2 mL of 
the CdS/CdSe nanorod solution was injected into this Zn-oleate containing reaction mixture at 
60 ̊C.  After evaporating chloroform, the reaction mixture was heated from 60 ̊C to 300 ̊C at a rate 
of 60 C̊ /min. Se dissolved in TOP was slowly injected to the reaction mixture at a rate of 6 ml/h 
via a syringe pump, during heating. The reaction mixture was allowed to stir for 2 min at 300 ̊C 
before cooling to room temperature.  
(2) Optimization of Se amount for ZnSe growth 
 Starting from the same CdS/CdSe seeds, different amount of Se for ZnSe growth was 
examined for optimizing the ZnSe coverage on the surface of DHNRs, as shown in Figure 2.8. 
The ZnSe coverage affect the shape and hole injection/transport in the DHNRs. Adding small 
amount of Se led to ZnSe growth mostly on the tips, while more Se caused side growth of ZnSe 
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along the CdS rod. With less side growth, the nanorods are more closely packed in groups, and the 
change of shapes with more ZnSe side growth will lead to less close packing and more pin holes 
in the DHNR film Figure 2.8 (b) – (e). 
 
Figure 2.8. Controlling the amount of Se for ZnSe growth (a) TEM images of the CdS/CdSe seed (b-e) TEM and 
SEM images DHNRs grown from the same seed in (a) with different amounts of ZnSe.  (DHNR synthesis and TEM 
images credit to Gryphon Drake) 
As the amount of ZnSe affects the shape and hole injection/transport, it needs to be 
optimized for high device performance. Using the same fabrication conditions, devices with 
different DHNRs in Figure 2.8 were fabricated side-by-side. Figure 2.9 (a) is the PL spectra of 
DHNR solutions used for device fabrication, normalized to the optical density at the excitation 
wavelength (443 nm). With increasing ZnSe growth, PL is seen to increase up to 0.75 mmol Se 
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for ZnSe growth case then decrease with higher Se amount. This trend in solution PL agrees well 
with the dependence of EL with amount of ZnSe growth (Figures 2.9 (b) (c)). Since hole injection 
is expected to be facilitated with ZnSe growth, charge balance and device performance should 
initially increase with the ZnSe amount. The best device performance is seen in devices fabricated 
with DHNRs synthesized with 0.75 mmol Se condition. When there is too much ZnSe coverage 
on the DHNRs (1 mmol condition), the device performance is shown to decrease. There may be 
several contributions to this decrease in performance. First, there may be leakage current from 
pinholes in the DHNR film which may explain the increased current density while the luminance 
actually decreases. Too much ZnSe may also hinder electron transport, offsetting charge balance 
and therefore decreasing device efficiency. A summary of how Se amount affects device 




Figure 2.9. Effect of ZnSe growth on device performance. (a) Normalized solution PL for DHNR solutions used in 
device fabrication. (b) Current density-voltage, (c) luminance-voltage and (d) EQE-luminance characteristics of 
devices with different DHNR growth recipes. (e) A summary of PL, maximum luminance and maximum EQE versus 





2.5 Experimental Details: Optimization of DHNR-LED Fabrication 
(1) Preparation of ITO substrates 
 ITO substrates from different vendors were examined by scanning electron microscopy 
(SEM) and atomic force microscopy (AFM). The ITO substrates examined are as following:  
Sigma-Aldrich (surface resistivity 15-25 Ω/sq); Delta Technologies LTD. (5-15 Ω/sq); Ossila pre-
patterned ITO substrates (20 Ω/sq); SPI Supplies (15-30 Ω/sq); University Wafer (15-20 Ω/sq). 
As shown in Figure 2.10, there are two types of surface morphologies in general: more amorphous-
like vs. polycrystalline with large crystal grains. From the examined batches, the ITO from Sigma-
Aldrich, Delta and Ossila are polycrystalline with large crystal grains. This type of polycrystalline 
ITO is shown to be more suitable for LED fabrication.  
 
Figure 2.10. Images of ITO substrates from different vendors (a) SEM and AFM images of ITO from Sigma-Aldrich. 
(b-e) SEM images of ITO from Delta Technologies LTD., Ossila, SPI Supplies and University Wafer.   
 Other than the pre-patterned substrates, the ITO substrates were patterned by 
photolithography to obtain 2 mm pixel width. AZ5214 photoresist was used for patterning. After 
developing the photoresist, the substrates were dipped in an ITO etchant (Transene Company Inc.) 
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bath for 20 minutes on a 90 ̊C hotplate, before rinsed with water. The patterned ITO substrates 
were wiped clean with acetone and Kimwipe, and then rinsed with acetone, isopropanol, DI water 
and then isopropanol again before blow drying with a nitrogen flow. After cleaning, the ITO 
substrates were exposed to UV-ozone for 15 min for further cleaning and to achieve more 
hydrophilic surfaces. As shown in Figure 2.11 (a) and (b), the water contact angle on ITO surface 
becomes smaller after UV-ozone treatment. Since this effect is temporary (Figure 2.11 (c)), the 
next step of spin-casting PEDOT:PSS should be carried out immediately after the UV-ozone 
treatment.  
 
Figure 2.11. Photos of ITO substrates (a) after cleaning and before UV-ozone treatment. (b) right after UV-ozone 
treatment and (c) One hour in air after the treatment.  
(2) Deposition of PEDOT:PSS layer 
PEDOT:PSS (CLEVIOS P VP AI 4083) is a water based solution of polymer colloids. 
Note that the solution should be kept at ~ 4 ̊C or according to the manufacturer’s instruction, and 
should never be frozen. For spin-casting, sufficient amount of PEDOT:PSS was drawn with a 
syringe, and applied onto the substrate through a 0.45 m pore size PVDF membrane syringe filter. 
The solution was then spin-cast at 4,000 rpm for 40s. The obtained PEDOT:PSS film was annealed 
on a 125  ̊C hotplate for 5 minutes in air to remove moisture before the samples were transferred 
into N2 filled glovebox (with O2 and H2O levels < 10 ppm, more typically < 1 ppm) for subsequent 
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fabrication steps. The substrates with PEDOT:PSS was further annealed on a 210 ̊C hotplate for 
10 min in the glovebox.  
(3) Deposition of TFB/F4TCNQ layer 
Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’-(N-(4-butylphenyl))diphenylamine)] (TFB) 
was purchased from H.W. Sands Corp. and F4TCNQ (2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane, 97%) was purchased from Sigma-Aldrich or Ossila. Both chemicals 
were used as received. These chemicals need to be used and stored under inert atmosphere. 5 mg 
of TFB and 2 mg of F4TCNQ were weighed in a glass vial, and dissolved with 1 mL m-xylene 
(anhydrous, ≥ 99%). The mixture was heated on a hotplate at 80 ̊C for ~ 10 min or until the 
chemicals were fully dissolved to give a dark red-brown color solution with no visible precipitates. 
If no F4TCNQ dopant was used, TFB alone dissolved easily without heating, and the solution was 
light yellow in color and transparent. The HTL solution was drawn with a syringe and applied onto 
the substrates through a 0.2 m pore size PTFE membrane syringe filter. The solution was then 
spin-cast at 3,000 rpm for 30s, before the substrate was annealed on a hotplate at 180 ̊C for 30 min.  
(4) Preparation of DHNR layer 
The reaction mixture of DHNRs was purified twice to remove excess precursors and 
solvents. For the first purification, 1 mL of reaction mixture was diluted with 2 mL of chloroform 
(anhydrous, ≥ 99.5%), or tetrahydrofuran (THF) (anhydrous, ≥ 99.9%) in a test tube. Anhydrous 
methanol was then added gradually into the test tube as a counter solvent, until the mixture 
becomes turbid (chemicals should be mixed well as methanol is being added). The mixture was 
then centrifuged for 3 min. The supernatant was colorless and transparent after centrifugation, with 
a pellet of DHNRs on the bottom of the test tube. For the second purification, the supernatant from 
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the first time was discarded, and the pellet of DHNRs was dissolved with 0.2 mL of chloroform or 
THF. A few drops of methanol were enough for making a turbid mixture. Then mixture was 
centrifuged for 2 min. After the two purification steps, the DHNR pellet in the test tube was 
brought into glove box for device fabrication. The DHNR pallet was dried during the three times 
of pumping for the small antechamber of the glove box. 
THF or other ethers can be used as solvent for the DHNRs for device fabrication. The 
solvent can affect the packing and alignment of the DHNRs in the film form, and in turn affect the 
light outcoupling of the devices. Note that halogenated solvents are detrimental to the catalyst of 
the glovebox, and therefore should be avoided if possible. The amount of solvent needed should 
be guided by the optical density of CdS and CdSe band edge absorption peaks, and optimized for 
each synthesis condition. Figure 2.10 is an example of optical density measurement. In Figure 2.12 
(a), ~ 0.3 mL of THF was added for the DHNRs from 1 mL of reaction mixture to make the final 
DHNR solution for device fabrication. 20 L of this DHNR solution in THF was diluted in 3 mL 
THF for the absorption measurement. The total optical density of CdS peak at ~ 430 nm and CdSe 
peak at ~ 570 nm, which is the sum of the optical density of the two peaks, is controlled to be about 
0.08 by the volume of THF added (or the actual solvent used). The devices made from this batch 






Figure 2.12. (a) Absorption and PL measurement of diluted DHNR solution for device fabrication. (b and c) Current 
density-luminance-voltage characteristics and EQE-luminance characteristics of the device fabricated with the DHNR 
solution in (a).  
 The total optical density calibrates the total number of the DHNRs in a given solution, but 
since different synthesis conditions can lead to different sizes and morphologies of the DHNRs, 
even with the same total optical density, the spin-casted DHNR films can have different 
thicknesses.  In addition to the total optical density, DHNR film thickness should also be optimized 
for high device performance. This is to say, the previously mentioned total optical density should 
be used as a guide, and then for each batch of DHNRs, the concentration for device fabrication 
should be further optimized with respect to film thickness. As a rule of thumb, the thickness of 
DHNR film should be 50 – 60 nm, as shown in Figure 2.13. The thickness of DHNR films is 
controlled by varying the concentration of DHNR solution (varying spin speed was not effective 
for this purpose), and measured with a J. A. Woollam VASE Ellipsometer. DHNR films were 
prepared on Si substrates with native oxide only using same conditions as device fabrication, and 
ellipsometry data were collected in the wavelength range of 400-900 nm at incidence angle of 60°. 
Data analysis was performed using WVASE32 software. The thicknesses of the films were 
determined using the Cauchy model. The 50 – 60 nm thick DHNR films provided high device 




Figure 2.13. Distribution of (a) luminance, (b) EQE, (c) open-circuit voltage VOC and (d) short-circuit current JSC (c 
and d under AM 1.5 illumination) with respect to DHNR film thickness. 
 For device fabrication, optimized amount of solvent was added to the test tube to dissolve 
purified DHNRs in the pellet form, and the solution was applied onto the device substrate with a 
syringe through a 0.2 m pore size PTFE membrane syringe filter. The solution was spin-cast at 
2,000 rpm for 30 s, before the substrate was annealed on a hotplate at 180 ̊C for 30 min.  
(5) Synthesis and deposition of ZnO layer 
ZnO nanoparticles were synthesized following a published method[17] with modifications. 
A solution of potassium hydroxide (0.74 g, Sigma-Aldrich ACS reagent, 85+%) in methanol (65 
ml Sigma-Aldrich, anhydrous, 99.8%) was slowly added to zinc acetate dihydrate (2.95 g, Sigma-
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Aldrich, ACS reagent, ≥ 98%) in methanol (125 ml, Sigma-Aldrich, anhydrous) solution and the 
reaction mixture was stirred at 60 °C for 2 h. The mixture was cooled to room temperature and 
allowed to stand and precipitate for 24 h. The precipitate was then washed through two cycles of 
precipitation with methanol and centrifugation before being dissolved in 1-butanol (Sigma-Aldrich, 
anhydrous, ≥ 99%) with 30 mg/mL concentration. The pallets of ZnO nanoparticles obtained after 
centrifugation were directly weighed and dissolved without additional drying process.  
For high device performance, the ZnO solution should be almost transparent. Sonication 
can help dispersing the ZnO particles. For clearer solution or higher concentration ZnO solution, 
2-ethanolamine can be added.[15] Ethanolamine can disperse both supernatant and the precipitate, 
and the mixture can be cleaned by flocculation with hexane and toluene and centrifugation. As 
shown in Figure 2.14 (a), when the ZnO nanoparticles are not well-dispersed in the solution, adding 
drops of 1-ethanolamine can make the solution turn clear immediately, and emit green PL under 
UV light. Figure 2.14 (b) shows a clear high concentration solution of ZnO stabilized by 1-
ethanolamine. Figure 2.14 (c) and (d) are TEM images of ZnO nanoparticles without and with 1-
ethanolamine ligands. It is clear that the ZnO particles with 1-ethanolamine is better dispersed with 




Figure 2.14. (a) Milky ZnO nanoparticle solution turns clear upon addition of the 1-ethanolamine ligands. (b) High 
concentration (50 mg/mL) solution of ZnO nanoparticles could be prepared by adding 1-ethanolamine. (c and d) are 
TEM images of ZnO nanoparticles without and with the additional ethanolamine ligands. (TEM images credit to 
Joseph C Flanagan) 
 For film deposition, the solution of ZnO nanoparticles was drawn with a syringe and 
applied onto the device substrate through a 0.2 m pore size PTFE membrane syringe filter. The 
solution was spin-cast at 2,000 rpm for 30 s and the substrate was annealed on a hotplate at 120 ̊C 
for 30 min. Similar to controlling the thickness of DHNR films, the thickness of ZnO film should 
also be controlled by adjusting the concentration of the solutions, rather than the spin speed. For 
the devices mentioned in this thesis, the concentration of ZnO solution is kept at 30 mg/mL, which 





(6) Deposition of Al top electrode 
 After spin-casting all layers of the LED, the samples were taken out of the glovebox for 
metal deposition. To minimize air exposure, the samples were sealed in a vacuumed bag before 
being transferred out of the glovebox. Alternatively, a vacuumed desiccator could be used to 
transport the samples. The Al top electrode was deposited by electron beam evaporation through 
a shadow mask. The deposition was carried out under base pressure of 10-7 torr and at a deposition 
rate of 1 Å/s. The total thickness of Al was 100 nm. 
(7) Encapsulation of the device 
 After Al deposition, the substrates were brought back into the glovebox for encapsulation. 
Norland Products NOA86 epoxy was used for encapsulation. A drop of the epoxy was applied 
onto the substrate and then a cover slip (Corning Cover Glasses Square; No. 2; 0.17 to 0.25mm; 
Size: 18 x 18mm or Ossila encapsulation cover slips) was used to cover the pixels. The epoxy was 
thermally cured on an 80 ̊C hotplate overnight.  
 
2.6 Experimental Details: Characterization of DHNR-LEDs 
All device measurements were performed in air. EL was characterized using a Spectrascan 
PR-655 spectroradiometer coupled with a Keithely 2602B source-measure unit. Voltages were 
applied with the Keithely source-measure unit, while the current was being measured. At desired 
voltages steps, for example 0.5 V, EL was measured by the spectroradiometer, with EL spectra, 
number of photons and luminance collected during the measurement. The integration time was 
determined automatically by the spectroradiometer. Measurement was stopped when the EL had 
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passed the maximum point and began to decrease. For as-fabricated devices, the second round of 
measurement usually shows better performance. This is possibly because the interfaces are brought 
into better contact during the first round of measurement. The results from second round of 
measurement are usually used to represent device performance.  
EQE was calculated as the ratio of the number of photons emitted (calculated from 
luminance measured by the spectroradiometer) to the numbers of electrons injected (calculated 
from measured current). Current and power efficiencies were obtained as the ratio of the output 
luminance to the driving current density and the ratio of the luminous flux output to the driving 
electrical power, respectively. Photovoltaic characteristics were taken with Newport Solar 
Simulator under AM 1.5 (100 mW/cm2) condition.  
Note that the current density and luminance can be affected by the voltage step as well as 
the direction and speed of voltage sweeping. Figure 2.15 shows an example of measuring the same 
device with different voltage steps, sweeping direction (forward vs. reverse) and speeds. As shown 
in Figure 2.15 (a), the current density around 3 V ranges from ~ 50 mA/cm2 to ~ 200 mA/cm2 
under different voltage sweeping conditions. The corresponding luminance values also change 
with the measurement conditions (Figure 2.15 (b)) As a result, the sweeping condition can affect 
the value of maximum EQE (Figure 2.15 (c)) by up to ~30%. The highest EQE values are usually 
obtained when voltage source is turned off between each measurement point. Further research is 
needed to explain this observation, especially since the devices measured here are not the best 







Figure 2.15. Current density-voltage characteristics (a); luminance-voltage characteristics (b) and EQE-luminance 
characteristics (c) of the same device measured under different conditions. The measurement conditions are labeled 
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CHAPTER 3.  
DHNR-LEDs WITH HIGH EFFICIENCIES AT HIGH BRIGHTNESS USING SELF-
ASSEMBLED MONOLAYERS 
 
Significant components of this chapter were published as “Double-Heterojunction Nanorod Light-Emitting Diodes 
with High Efficiencies at High Brightness using Self-Assembled Monolayers,” Y. Jiang, N. Oh, and M. Shim, ACS 
Photonics, 3, 1862 – 1868 (2016).[1]  
3.1 Introduction 
While nanocrystal-based LEDs are showing high efficiencies, the maximum efficiencies 
are often observed in a relatively low-current, low-brightness regime (i.e., only one to a few 
hundred cd/m2) and the efficiency droop leads to less-than ideal performance at high luminance 
conditions useful for many applications. EQE at luminance levels relevant for high-end displays 
and general lighting (~1,000 and ~5,000 cd/m2, respectively) is modest at best. To improve the 
charge transport and balance, self-assembled monolayer (SAM) is utilized to modify the ITO 
electrodes. The SAMs can modify the surface and the work function of ITO, facilitate hole 
transport into the device and therefore improve charge balance in DHNR-LEDs. Extremely 
bright DHNR-LEDs with maximum luminance over 100,000 cd/m2 are demonstrated. 
Furthermore, maximum efficiencies appear at high luminance conditions that can be achieved at 
very low bias and current density (e.g., 3.1 V and 53 mA/cm2 at ~10,000 cd/m2, corresponding to 
EQE = 10.7 %, current efficiency = 21.7 cd/A, and luminous power efficacy = 19.5 lm/W). 
Despite the fact that DHNRs have only about half the photoluminescence quantum yield of C/S 
QDs, these achieved efficiencies at high luminance conditions are comparable to or surpass those 
demonstrated by the state-of-the-art QD-LEDs.  
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3.2 SAM-Based DHNR-LEDs 
As mentioned in the previous chapter, DHNRs can allow independent control over the 
electron and hole injection/extraction processes, provided high LED performance as well as 
multifunctionality. However, DHNR-LEDs, much like many OLEDs and QD-LEDs, utilize 
PEDOT:PSS as the HIL, which introduces ~0.5 eV barrier at the interface with the HTL. 
Furthermore, the strongly acidic PEDOT:PSS is known to diffuse into ITO over time and cause 
device degradation.[2–4] It is also known to be easily photo-oxidized.[5.6] Nevertheless, 
PEDOT:PSS is the most widely used hole injection material for OLEDs and QD-LEDs, with 
limited alternatives available. Here, we show that SAMs can modify the surface and work 
function of ITO electrodes, and eliminate the need of PEDOT:PSS as HIL in DHNR-LEDs, 
leading to increased maximum luminance with high efficiencies and low operating voltages even 
at luminance of 1,000 to 10,000 cd/m2.  
A schematic of the device structure and the band diagram of DHNR-LEDs studied here 
are shown in Figures 3.1 (a) and 1.4 (b), respectively. PEDOT:PSS level is also shown in the 
band diagram for comparison. The organic HTL is F4TCNQ doped TFB. As mentioned in 
Chapter 1.3, doping TFB with F4TCNQ modifies the work function of TFB from 5.35 to 5.54 eV, 
leading to a lowering of HIB. F4TCNQ also improves the HTL conductivity and alters HTL 
solubility to enhance resistance to damage from exposure to chloroform (solvent of the next 
layer). The use of F4TCNQ as the hole dopant for TFB has been shown to improve both DHNR- 
and C/S QD-LEDs with DHNR-LEDs exhibiting much higher brightness and efficiencies.[7] 
Hence, we focus on DHNR-LEDs in examining the effects of replacing PEDOT:PSS with SAMs. 
As measured by ellipsometry, the thicknesses of PEDOT:PSS, TFB/F4TCNQ, DHNR and ZnO 
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layers are 46 nm, 22 nm, 23 nm and 32 nm, respectively. The thicknesses of these layers were 
optimized for PEDOT:PSS-based devices previously[7] and kept the same for SAM-based 
devices in order to simplify the comparison and demonstrate the effects of SAMs.  
SAMs are well known to modify the work function of various materials[8–10] and have 
been used, among many applications, to improve charge transport[11–15] and device lifetime[16] 
of OLEDs and organic photovoltaics (OPVs).[17] Surface modification by SAMs is a versatile 
and solution processable method compatible with DHNR-LED fabrication. Surface modification 
by SAMs of 2,3,4,5,6-pentafluorobenzylphosphonic acid (F5BPA) has been shown to improve 
open circuit voltage of OPVs,[18.19] and among several different phosphonic acids and 
carboxylic acids (Figure 3.1 (d)) formed on ITO electrodes, we found F5BPA to provide the best 
performance of DHNR-LEDs. F5BPA SAMs leave the surface roughness/morphology of ITO 
essentially unchanged while increasing the water contact angle from 11.9° to 73.3° (Figures 3.1 
(b) and (c)). X-ray photoelectron spectroscopy (XPS) (Figure 3.1 (f)) also supports the formation 
of F5BPA on ITO surface. The unchanged roughness and the increased hydrophobicity of the 
surface are favorable for DHNR-LED fabrication since the next layer to be deposited is the 
organic HTL. More importantly, the strongly electron withdrawing F groups greatly increase the 
work function of ITO from 4.42 to 5.19 eV. This increase is significantly larger than the work 
function of PEDOT:PSS covered ITO (4.78 eV) as measured by ultraviolet photoelectron 
spectroscopy (UPS) shown in Figure 3.1(e). That is, F5BPA provides 770 meV smaller barrier to 




Figure 3.1. (a) Schematic of the SAM-based DHNR-LED. (b) and (c) are AFM image and contact angle (insets) of 
ITO surface before and after modification with SAM. (d) Secondary electron cutoff region of the UPS spectra for 
bare ITO, 4-fluorobenzoic acid SAM modified ITO, 4-chlorobenzoic acid SAM modified ITO, PEDOT:PSS film on 
ITO, and F5BPA SAM modified ITO. (e) Secondary electron cutoff region of the UPS spectra for bare ITO, 
PEDOT:PSS film on ITO, and the selected type of SAM modified ITO. (f) XPS spectra for bare ITO vs. F5BPA 
SAM modified ITO. F 1s peak appears after SAM modification. 
By modifying the ITO work function to be closer to the HOMO level of HTL, the SAMs 
can improve hole transport in the device, leading to high brightness LEDs with excellent 
efficiencies under high current densities. To evaluate the impact of F5BPA SAMs on DHNR-
LED performance, we compared the device characteristics of LEDs with SAM vs. PEDOT:PSS. 
Other than this difference, both types of devices were fabricated in the same manner using the 
same batches of solutions for DHNRs and charge transport materials.  We note that devices with 
no SAM or PEDOT:PSS, i.e., TFB/F4TCNQ directly on ITO led to very low yield of working 
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devices. The majority of the devices were electrically shorted presumably due to pinholes caused 
by poor surface wetting of TFB/F4TCNQ on bare ITO surface. Figure 3.2 (a) shows the 
electroluminescence (EL) spectra of SAM-based and PEDOT:PSS-based DHNR-LEDs. These 
spectra are also plotted along with the solution PL spectrum of DHNRs used to make both types 
of devices. Both types of devices exhibit narrow width EL (32 nm full-width-at-half-maximum) 
arising from only DHNRs without contribution from the charge transport layers and compared to 
solution PL, there is a relatively small red shift at high biases and very little or no red shift in the 
small voltage regime.  
One of the most noticeable improvements with the use of SAMs in DHNR-LEDs is the 
drastic increase in the maximum luminance compared to PEDOT:PSS devices. The inset of 
Figure 3.2 (b) shows a photograph of an operating SAM-based DHNR-LED with high brightness. 
As shown in the main part of the figure, the SAM-based DHNR-LED exhibits maximum 
luminance over 100,000 cd/m2, which represents a 4-fold increase over the best control 
PEDOT:PSS-based device using the same DHNRs. This increase in luminance is accompanied 
by an increase in the current density but only by a factor of 2 or less in the voltage range near the 
peak luminance (Figure 3.2 (c)). What is perhaps more important and practical for display and 
lighting applications is that high luminance (> 1,000 cd/m2) can be achieved at low voltages and 





Figure 3.2. (a) Comparison of EL spectra at the indicated applied voltage of a SAM-based DHNR-LED and a 
PEDOT:PSS-based DHNR-LED along with solution PL spectrum (scaled to match maximum EL) of DHNRs used. 
Note the order of magnitude difference in the EL intensity scale between the two graphs. (b) Dependence of 
luminance on the applied voltage for the two types of devices. Inset shows a photograph of a SAM-based DHNR-
LED operating at 6 V applied bias. (b) Comparison of current density dependence on the applied voltage for a SAM-
based DHNR-LED and a PEDOT:PSS-based DHNR-LED. Inset shows this dependence in log-log scale. 
Comparison of the average (d) voltage and (e) current density required for 1,000 cd/m2 or 10,000 cd/m2 luminance 
for SAM-based DHNR-LEDs and PEDOT:PSS-based DHNR-LEDs. Each column is averaged over 7 devices with 
the error bars representing the maximum and the minimum values for a given condition.  
The typical luminance of bright LCD screens for indoor viewing is about 1,000 cd/m2 
while that of large outdoor displays are in the mid thousands. The benefits of SAM-based 
DHNR-LEDs become obvious when we examine the current and voltage needed for luminance 
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of 1,000 cd/m2 and 10,000 cd/m2. Figures 3.2 (d) and 3.2 (e) show that an average voltage of 
only 2.4 V and an average current density of only 10.9 mA/cm2 (error bars correspond to 
maximum/minimum values) are needed for SAM-based DHNR-LEDs to emit at luminance of 
1,000 cd/m2. At the same luminance, the control PEDOT:PSS devices require an average of 3.9 
V and 9.0 mA/cm2. What is even more impressive is that, on average, SAM-based DHNR-LEDs 
can achieve 10,000 cd/m2 at 3.4 V and 60.3 mA/cm2 whereas PEDOT:PSS-based devices need 
6.3 V and 149.3 mA/cm2 for the same luminance. Furthermore, SAM-based DHNR-LEDs 
exhibit much smaller device-to-device variations in these operating voltages and current 
densities. We suspect that this reduced variability may be due to the more stable operation in the 
low voltage regime. As a point of comparison, recently reported high performance red-emitting 
QD-LEDs typically require ~5-7 V and ~90 – 800 mA/cm2 for 10,000 cd/m2 luminance.[20–22] 
For example, the current record maximum EQE device reported in ref. 8 exhibits ~10,000 cd/m2 
luminance at ~5.2 V and ~90 mA/cm2. Although ~15% EQE at ~10,000 cd/m2 is higher, the 
voltage and current density are substantially higher than our SAM-based DHNR-LEDs. One very 
recent report[23] on QD-LEDs with core/shell QDs with ZnSe-rich alloy shell show similar 
voltage but slightly higher current density at 10,000 cd/m2 as our DHNR-LEDs. We suspect the 
presence of both CdS and ZnSe as in our DHNRs may be improving these devices in a similar 
manner. Even when compared to partially vacuum deposited high-performance red OLEDs, our 
SAM-based DHNR-LEDs demonstrate advantages in the high luminance regime (cf. at ~10,000 
cd/m2, ~15 cd/A and ~7 lm/W current and power efficiencies for OLED to 21.7 cd/A and 19.5 
lm/W for DHNR-LED).[24] Overall, the voltage and current density required by SAM-based 
DHNR-LEDs represent nearly a 2 fold reduction (and therefore ~4 fold reduction in power) 
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compared to the majority of current high-performance QD-LEDs. Additional performance 
comparison with QD-LEDs is given in Table 3.1. 
 
Table 3.1. Comparison of the PL and EL Characteristics of Current-State-of-the-Art of QD-LEDs and DHNR-LEDs 
with those of SAM-based DHNR-LEDs 
High luminance at low voltages and current densities translate to high efficiencies at the 
display- and lighting-relevant luminance range.  Figure 3.3 shows that, although the peak 
efficiencies are similar, the luminance range where they appear are quite different for SAM-
based and PEDOT:PSS-based DHNR-LEDs. SAM-based DHNR-LEDs exhibit maximum 
efficiency values between 1,000 to 10,000 cd/m2 whereas PEDOT:PSS-based devices peak near 
100 cd/m2. SAM-based LEDs exhibit consistently higher efficiencies at luminance > ~1,000 
cd/m2. At ~10,000 cd/m2, external quantum efficiency (EQE) = 10.7 %, current efficiency (𝜂A) = 
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21.7 cd/A, and luminous power efficacy (𝜂p) = 19.5 lm/W for SAM-based DHNR-LED whereas 
PEDOT:PSS-based devices have EQE = 4.7 %,  = 9.3 cd/A and  = 4.9 lm/W at similar luminance. 
A more detailed comparison of efficiencies for SAM-based DHNR-LEDs vs. PEDOT:PSS-based 
LEDs are shown in Table S2. Our SAM-based DHNR-LEDs show maximum efficiencies at high 
luminance (~10,000 cd/m2), while other high-performance QD-LEDs exhibit only ~60-80 % of 
the maximum efficiencies at this luminance region due to efficiency droop.[20–22] 
 
Figure 3.3. Comparison of efficiencies for SAM-based DHNR-LEDs (red curves) and PEDOT:PSS-based DHNR-
LEDs (black curves). (a) Dependence of external quantum efficiency (EQE) on current density. Dependence of (b) 
external quantum, (c) current and (d) luminous power efficiencies on luminance.  
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To better understand how F5BPA SAMs improve device performance, we consider 
different contributions to the device EQE: 
EQE = (γ × 𝜂γ × 𝑞PL) × 𝜂out  (1) 
Where γ  is the charge balance, 𝜂γ  is the exciton production efficiency, 𝑞PL   is the radiative 
recombination efficiency (often assumed as photoluminescence quantum yield, PL QY) and 𝜂out 
is the light outcoupling efficiency.[25] Since the DHNR emitters are the same for the SAM-
based and PEDOT:PSS-based LEDs, we assume 𝜂γ and 𝑞PLare the same for the two devices. We 
also expect small or negligible change in 𝜂out in eliminating PEDOT:PSS since it absorbs only a 
small fraction of the light being emitted (95 % transmittance around emission wavelength ~620 
nm). Then, we expect better charge balance arising from the overall improved hole transport 
afforded by F5BPA SAMs to be the main factor in the observed improvements in efficiencies for 
luminance >1,000 cd/m2. We note that lower efficiencies of SAM-based devices at the very low 
luminance/voltage regime is due to higher current densities in this regime (Figure 3.2 (c) inset) 
possibly due to the much thinner SAM thickness being more prone to pinholes or slightly higher 





Figure 3.4. AFM images of (a) ITO/PEDOT:PSS/TFB-F4TCNQ and (b) ITO/SAM/TFB-F4TCNQ. The surfaces 
roughnesses of these two samples are 1.06nm and 2.06nm, respectively. 
Figure 3.5 compares the current density vs. voltage (J-V) characteristics of HIL/HTL with 
that of the ETL (ZnO). For a proper comparison, the emitting layer should be included in 
measuring these electron-only and hole-only devices. However, due to the lack of Ohmic 
contacts that can be deposited on a ~monolayer of DHNRs without electrical shorts to the 
underlying HTL for the hole-only configuration, we compare cases without the emitting layer. 
Nevertheless, SAM/HTL combination clearly matches ETL much better than PEDOT:PSS/HTL 
suggesting improved charge balance may indeed be achieved with F5BPA SAMs. In the low 
voltage regime around 2 V, which is smaller than the energy of EL peak position, there would be 
a limited population of DHNRs with electrons and holes for radiative recombination. Given the 
similar luminance (and therefore similar number of emitting DHNRs) as the PEDOT:PSS-based 
devices in this regime, we suspect the higher (hole) conductivity and thinner SAM-based devices 
to be more prone to current flow without radiative recombination. At higher voltages when 
charge injection into DHNRs is energetically more accessible, the improved hole conduction in 




Figure 3.5. Current density – voltage characteristics of hole-only devices with PEDOT:PSS/HTL or SAM/HTL, and 
electron-only device with ZnO. The device structures are shown in the schematics on top. 
Finally, we note that preliminary accelerated device lifetime measurements show that 
luminance of SAM-based DHNR-LED decreases to 90% of the initial luminance (Lo = 5,000 
cd/m2) after ~13 h of operation in air (Figure 3.6). Although different initial conditions reported 
in the literature make it difficult to compare, this result is comparable to or better than some of 
the recent reports on QD-LEDs measured at similar Lo [cf., ~8 h (at Lo = 4,554 cd/m
2)[26] for 
time to 90% of Lo]. While there are also reports of QD-LEDs with apparently longer device 




Figure 3.6. Luminance and operating voltage change as functions of time. SAM-based DHNR-LEDs decrease to 
~90% of initial luminance (Lo = 5,000 cd/m2) after ~13h of operation in air.  
3.3 Further Optimization of SAM-Based DHNR-LEDs 
 For comparing the hole injection and transport property of PEDOT:PSS vs. SAM, the 
other layers are kept to be the same. However, as PEDOT:PSS is removed in the SAM-based 
DHNR-LEDs, the device structure is changed, and the optimum condition for the other layers 
should also be different. Through optimization of the DHNR film thickness, the performance of 
SAM-based DHNR-LEDs further improved.  
 As mentioned before, the SAM-based DHNR-LEDs tend to have higher current, 
especially in the low voltage regime. By increasing the DHNR film thickness from ~ 30 nm to ~ 
80 nm, the current level is reduced, without affecting the luminance of the SAM device. As 
shown in Figure 3.7 (a), the current density is reduced to about half of the previous level in 
Figure 3.2 (c), but the luminance is still extremely high (Figure 3.7 (b)). As a result, the 
maximum EQE of the SAM-based DHNR-LED is further increased to about 15.6%. Note that 
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such thick DHNR film is not the optimum for the PEDOT:PSS device, and therefore the 
luminance and efficiency of the PEDOT:PSS-based device are significantly lower than the SAM-
based device, likely due to the non-radiative carrier recombination in the thick DHNR film.
 
Figure 3.7. Device characteristics of SAM-based vs PEDOT:PSS-based DHNR-LEDs, with 80 nm thick DHNR 
film. (a) Current density-voltage; (b) luminance-voltage and (c) EQE-current density characteristics.   
 
3.4 Summary 
We have shown that F5BPA SAMs can increase the work function of ITO by 770 meV, 
reducing the anode/HTL barrier and the overall resistance for hole transport which in turn helps 
to balance charge in DHNR-LEDs. Maximum luminance > 100,000 cd/m2 has been 
demonstrated utilizing these SAMs as replacements for commonly used PEDOT:PSS. 
Furthermore, these DHNR-LEDs can operate at high-end display and lighting relevant luminance 
range of 1,000 to 10,000 cd/m2 at very low voltages with peak efficiencies falling in this useful 
range. Through further optimizing the thickness of DHNR films, the efficiency of the SAM-
based DHNR-LED is improved to about 16%, confirmed the effect of SAM on improving hole 
transport and charge balance.  
72 
 
3.5 Experimental Details 
Materials. Trioctylphosphine oxide (TOPO) (90%), trioctylphosphine (TOP) (90%), 
oleic acid (OA) (90%), trioctylamine (TOA) (90%), octadecene (ODE) (90%), 1-octanethiol 
(98.5%), CdO (99.5%), Zn acetate (99.99%), S powder (99.998%), and Se powder (99.99%) 
were obtained from Sigma-Aldrich. N-Octadecylphosphonic acid (ODPA) was obtained from 
PCI Synthesis. ACS grade chloroform and methanol were obtained from Fischer Scientific. All 
chemicals were used as received.  
Synthesis of CdS/CdSe/ZnSe Double-Heterojunction Nanorods (DHNRs).  
The synthesis procedure is described in Chapter 2.4 (1). For this work, ZnSe growth used 
20 mg of Se dissolved in 1.0 ml of TOP. The Se/TOP was slowly injected to the reaction mixture 
at a rate of 6 ml/h via a syringe pump, during heating. The resulting CdSe/CdS/ZnSe DHNRs 
were purified by precipitation using a solvent mixture of chloroform and methanol followed by 
centrifugation. The supernatant was discarded, and the precipitate was re-dispersed in 
chloroform for device fabrication (0.4 mL of chloroform per 1 mL of reaction mixture). 
SAM/ITO substrate preparation. The SAM molecules including chlorobenzoic acid, 
fluorobenzoic acid, and 2,3,4,5,6-pentafluorobenzylphosphonic acid were all obtained from 
Sigma-Aldrich and used as received. Prior to device fabrication, prepatterned ITO substrates 
were cleaned by acetone and IPA, then treated under UV-ozone lamp for 15 min. ITO substrates 
were submerged in a 1 mM SAM molecule solution immediately after UV-ozone treatment. The 
solvent for chlorobenzoic acid, fluorobenzoic acid was 7:3 volume ratio chloroform and 
methanol. The solvent for 2,3,4,5,6-pentafluorobenzylphosphonic acid was ethanol. After 12 
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hours, the substrates were removed from the SAM solutions and rinsed with respective solvents 
and dried with N2 flow.  
Device fabrication. The details of device fabrication are described in Chapter 2.5. 
Briefly, patterned ITO/glass substrates with SAMs were brought into an N2-filled glovebox 
immediately after SAM formation step and all subsequent steps prior to cathode deposition were 
carried out in the glovebox. TFB (H.W. Sands Corp.) dissolved in m-xylene (5 mg/mL), with 2 
mg/mL F4TCNQ (Sigma-Aldrich) added as dopant, was spin-cast at 3000 rpm for 30s, then 
baked at 180 oC on a hotplate for 30 min. DHNR solution was then spin-cast at 2000 rpm for 30s 
and annealed at 180 oC for 30 min. Subsequently, colloidal ZnO solution (~30 mg/mL in butanol, 
prepared following reported method)16 was spin-cast at 2000 rpm for 30s and baked at 110 oC for 
30min. Finally, 100 nm thick Al cathodes were defined by a shadow mask and deposited by 
electron-beam evaporation. LEDs were encapsulated with a glass coverslip using an epoxy 
(NOA 86) in the glovebox. For the control devices, PEDOT:PSS was spin-cast directly onto 
patterned and precleaned ITO substrates at 4000 rpm for 40 s in air, then baked at 120 oC for 5 
min in air and 210 oC for 10 min in N2-filled glovebox. Subsequent steps were the same as SAM-
based devices.  
Characterization. Tapping-mode AFM and contact angle measurements were carried 
out on an Asylum Research MFP-3D AFM and a Rame-Hart model 500 goniometer/tensiometer, 
respectively. UPS was performed using He I photon line (heVatTorrPHI 
5400). The thicknesses of each layer were measured with a J. A. Woollam VASE Ellipsometer. 
TFB/F4TCNQ, DHNR and ZnO films were prepared on Si substrates using same conditions as 
device fabrication, and ellipsometry data were collected in the wavelength range of 400-900 nm 
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at incidence angles of 60°. Data analysis was performed using WVASE32 software. The 
thicknesses of the films were determined using the Cauchy model. All LED characteristics were 
recorded using a Spectrascan PR-655 spectroradiometer coupled with a Keithely 2602B source-
measure unit. EQE was calculated as the ratio of the number of photons emitted (calculated from 
luminance measured by the spectroradiometer) to the numbers of electrons injected (calculated 
from measured current). Current and power efficiencies were obtained as the ratio of the output 
luminance to the driving current density and the ratio of the luminous flux output to the driving 




(1)  Jiang, Y.; Oh, N.; Shim, M. Double-Heterojunction Nanorod Light-Emitting Diodes with High 
Efficiencies at High Brightness Using Self-Assembled Monolayers. ACS Photonics 2016, 3, 1862–
1868. 
(2)  van Duren, J. K. J.; Loos, J.; Morrissey, F.; Leewis, C. M.; Kivits, K. P. H.; van IJzendoorn, L. J.; 
Rispens, M. T.; Hummelen, J. C.; Janssen, R. A. J. In-Situ Compositional and Structural Analysis 
of Plastic Solar Cells. Adv. Funct. Mater. 2002, 12, 665–669. 
(3)  Choi, H.; Kim, B.; Ko, M. J.; Lee, D. K.; Kim, H.; Kim, S. H.; Kim, K. Solution Processed WO3 
Layer for the Replacement of PEDOT:PSS Layer in Organic Photovoltaic Cells. Org. Electron. 
2012, 13, 959–968. 
(4)  Jin, H.; Tuomikoski, M.; Hiltunen, J.; Kopola, P.; Maaninen, A.; Pino, F. Polymer−Electrode 
Interfacial Effect on Photovoltaic Performances in Poly(3-hexylthiophene):Phenyl-C61-Butyric 
Acid Methyl Ester Based Solar Cells. J. Phys. Chem. C 2009, 113, 16807–16810. 
(5)  Jeuris, K.; Groenendaal, L.; Verheyen, H.; Louwet, F.; De Schryver, F. . Light Stability of 3,4-
Ethylenedioxythiophene-Based Derivatives. Synth. Met. 2003, 132, 289–295. 
(6)  Vázquez, M.; Bobacka, J.; Ivaska, A.; Lewenstam, A. Influence of Oxygen and Carbon Dioxide 
on the Electrochemical Stability of poly(3,4-Ethylenedioxythiophene) Used as Ion-to-Electron 
Transducer in All-Solid-State Ion-Selective Electrodes. Sensors Actuators B Chem. 2002, 82, 7–13. 
(7)  Nam, S.; Oh, N.; Zhai, Y.; Shim, M. High Efficiency and Optical Anisotropy in Double-
Heterojunction Nanorod Light-Emitting Diodes. ACS Nano 2015, 9, 878–885. 
75 
 
(8)  Queffelec, C.; Petit, M.; Janvier, P.; Knight, D. A.; Bujoli, B. Surface Modification Using 
Phosphonic Acids and Esters. Chem. Rev. 2012, 112, 3777–3807. 
(9)  Koldemir, U.; Braid, J. L.; Morgenstern, A.; Eberhart, M.; Collins, R. T.; Olson, D. C.; Sellinger, 
A. Molecular Design for Tuning Work Functions of Transparent Conducting Electrodes. J. Phys. 
Chem. Lett. 2015, 6, 2269–2276. 
(10)  Ford, W. E.; Gao, D.; Knorr, N.; Wirtz, R.; Scholz, F.; Karipidou, Z.; Ogasawara, K.; Rosselli, S.; 
Rodin, V.; Nelles, G.; et al. Organic Dipole Layers for Ultralow Work Function Electrodes. ACS 
Nano 2014, 8, 9173–9180. 
(11)  Bardecker, J. A.; Ma, H.; Kim, T.; Huang, F.; Liu, M. S.; Cheng, Y. J.; Ting, G.; Jen, A. K. Y. 
Self-Assembled Electroactive Phosphonic Acids on ITO: Maximizing Hole-Injection in Polymer 
Light-Emitting Diodes. Adv. Funct. Mater. 2008, 18, 3964–3971. 
(12)  Hanson, E. L.; Guo, J.; Koch, N.; Schwartz, J.; Bernasek, S. L. Advanced Surface Modification of 
Indium Tin Oxide for Improved Charge Injection in Organic Devices. J. Am. Chem. Soc. 2005, 
127, 10058–10062. 
(13)  Wang, M. Q.; Hill, I. G. Fluorinated Alkyl Phosphonic Acid SAMs Replace PEDOT:PSS in 
Polymer Semiconductor Devices. Org. Electron. 2012, 13, 498–505. 
(14)  Yu, S.-Y.; Huang, D.-C.; Chen, Y.-L.; Wu, K.-Y.; Tao, Y.-T. Approaching Charge Balance in 
Organic Light-Emitting Diodes by Tuning Charge Injection Barriers with Mixed Monolayers. 
Langmuir 2012, 28, 424–430. 
(15)  Tokudome, Y.; Fukushima, T.; Goto, A.; Kaji, H. Enhanced Hole Injection in Organic Light-
Emitting Diodes by Optimized Synthesis of Self-Assembled Monolayer. Org. Electron. 2011, 12, 
1600–1605. 
(16)  Yu, S. Y.; Chang, J. H.; Wang, P. S.; Wu, C. I.; Tao, Y. T. Effect of ITO Surface Modification on 
the OLED Device Lifetime. Langmuir 2014, 30, 7369–7376. 
(17)  Beaumont, N.; Hancox, I.; Sullivan, P.; Hatton, R. A.; Jones, T. S. Increased Efficiency in Small 
Molecule Organic Photovoltaic Cells through Electrode Modification with Self-Assembled 
Monolayers. Energy Environ. Sci. 2011, 4, 1708–1711. 
(18)  Knesting, K. M.; Ju, H. X.; Schlenker, C. W.; Giordano, A. J.; Garcia, A.; Smith, O. L.; Olson, D. 
C.; Marder, S. R.; Ginger, D. S. ITO Interface Modifiers Can Improve V-OC in Polymer Solar 
Cells and Suppress Surface Recombination. J. Phys. Chem. Lett. 2013, 4, 4038–4044. 
(19)  Choi, H.; Kim, H. B.; Ko, S. J.; Kim, J. Y.; Heeger, A. J. An Organic Surface Modifier to Produce 
a High Work Function Transparent Electrode for High Performance Polymer Solar Cells. Adv. 
Mater. 2015, 27, 892–896. 
(20)  Mashford, B.; Stevenson, M.; Popovic, Z.; Hamilton, C.; Zhou, Z.; Breen, C.; Steckel, J.; Bulovic, 
V.; Bawendi, M.; Coe-Sullivan, S.; et al. High-Efficiency Quantum-Dot Light-Emitting Devices 
with Enhanced Charge Injection. Nat. Photonics 2013, 7, 407–412. 
(21)  Dai, X. L.; Zhang, Z. X.; Jin, Y. Z.; Niu, Y.; Cao, H. J.; Liang, X. Y.; Chen, L. W.; Wang, J. P.; 
Peng, X. G. Solution-Processed, High-Performance Light-Emitting Diodes Based on Quantum 
Dots. Nature 2014, 515, 96–99. 
76 
 
(22)  Lim, J.; Jeong, B. G.; Park, M.; Kim, J. K.; Pietryga, J. M.; Park, Y. S.; Klimov, V. I.; Lee, C.; Lee, 
D. C.; Bae, W. K. Influence of Shell Thickness on the Performance of Light-Emitting Devices 
Based on CdSe/Zn1- XCdXS Core/shell Heterostructured Quantum Dots. Adv. Mater. 2014, 26, 
8034–8040. 
(23)  Yang, Y.; Zheng, Y.; Cao, W.; Titov, A.; Hyvonen, J.; Manders, J. R.; Xue, J.; Holloway, P. H.; 
Qian, L. High-Efficiency Light-Emitting Devices Based on Quantum Dots with Tailored 
Nanostructures. Nat. Photonics 2015, 9, 259–266. 
(24)  Cho, Y. R.; Kim, H. S.; Yu, Y.-J.; Suh, M. C. Highly Efficient Organic Light Emitting Diodes 
Formed by Solution Processed Red Emitters with Evaporated Blue Common Layer Structure. Sci. 
Rep. 2015, 5, 15903. 
(25)  Nakanotani, H.; Higuchi, T.; Furukawa, T.; Masui, K.; Morimoto, K.; Numata, M.; Tanaka, H.; 
Sagara, Y.; Yasuda, T.; Adachi, C. High-Efficiency Organic Light-Emitting Diodes with 
Fluorescent Emitters. Nat. Commun. 2014, 5, 4016. 
(26)  Choi, M. K.; Yang, J.; Kang, K.; Kim, D. C.; Choi, C.; Park, C.; Kim, S. J.; Chae, S. I.; Kim, T.-H.; 
Kim, J. H.; et al. Wearable Red–green–blue Quantum Dot Light-Emitting Diode Array Using 




CHAPTER 4.  
SIMULTANEOUS IMPROVEMENT OF PHOTOCURRENT AND LUMINANCE FOR 
LIGHT-RESPONSIVE DHNR LEDS 
 
Significant components of this chapter are from “Jiang, Drake and Shim, paper in preparation” 
 
4.1 Introduction 
The photovoltaic (PV) response of the DHNR-LEDs provides sufficient photocurrent for 
photodetection, while also enabling energy scavenging and harvesting functions, opening up 
possibilities for large area multi-functional displays. An enhanced photovoltaic response would 
benefit both photodetection and energy harvesting purposes, but it is challenging to improve 
photovoltaic response while maintaining high LED performance. To achieve efficient charge 
injection and electroluminescence, the thickness of DHNR film in the device is limited to one to a 
few layers of nanorods, which means the majority of incident photons are not absorbed when the 
device operates as a photovoltaic cell.  
Given the limitation of photon absorption, an alternative approach to improving 
photovoltaic response is through surface modification of the nanocrystals. In general, the “native” 
capping molecules on the surface of colloidal nanocrystals are optimized for the synthesis, during 
which the ligands help to control the reactivity of precursors and the surface of growing crystals.[1] 
However, typical native ligands such as trioctylphosphine oxide (TOPO) and oleic acid (OA) have 
long (C8-C18) hydrocarbon chains, which do not permit efficient transfer of charges to and from 
nanocrystals. Low electrical conductivity is usually detrimental to nanocrystal-based electronic 
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devices, hence short ligand molecules are desirable for improving charge transport. Furthermore, 
ligands can also influence the energy level position of the nanocrystals by generating electric 
dipoles at the surface.[2] With all dipoles pointing toward or away from the nanocrystal surface, 
energy levels near the surface of nanocrystal are shifted by the same amount, and therefore the 
energy levels of the nanocrystals can be shifted. Combining the benefits of enhanced charge 
transfer and more favorable energy band alignment, ligand exchange has been especially 
successful for improving the performance of PbS QD solar cells.[3] Large depletion region,[4] 
efficient charge extraction[5] and air stability[6] have been achieved through different ligand 
exchange processes.  
Compared to QD solar cells, much less has been explored with respect to ligand exchange 
in QD-LEDs. While reducing interparticle spacing by ligand exchange with shorter chain 
molecules is still an effective way for improving charge transport in the LEDs,[7.8] maintaining 
high PL QY after ligand exchange can be challenging. One of the reasons for this problem is that 
the ligand exchange process, when carried out in solution, requires the nanocrystals to go through 
several purification steps, which can easily cause a significant decrease in PL QY. The exchanged 
ligands can also generate surface states in the nanocrystals. Upon binding, the ligand molecules 
form a new set of molecular orbitals with the surface atoms of the nanocrystal.[1] If, for example, 
the highest occupied molecular orbital (HOMO) level of the ligand molecule falls within the band 
gap of the semiconductor nanocrystal, the new bonding orbital formed with the atomic orbitals on 
valence band edge of the semiconductor may also fall in the band gap of the semiconductor, which 
can then become a trap state for holes. Thiols are usually considered to be such hole trapping 
ligands for CdSe, which means thiol ligands can quench the PL of CdSe QDs.[9] However, in 
some cases, the surface states generated by thiols can induce charge separation and, if there are 
79 
 
efficient means to extract localized charges in these surface states, it may even be beneficial for 
photocurrent generation.[10]  
While there are compelling reasons that ligand exchange can improve photovoltaic 
response of QDs and previous reports have confirmed it to be the case, simultaneously maintaining 
or improving LED performance appears to be a much more difficult challenge. Here, we examine 
the effects of ligand exchange using benzenethiol (BT) on the PV and EL characteristics of QD- 
and DHNR-LEDs. For DHRN-LEDs, short circuit current (JSC) and power conversion efficiency 
(PCE) are shown to improve 29.3% and 33.3%, respectively. At the same time, the maximum 
luminance is shown to increase 29.0% from 72,520 cd/m2 to 93,600 cd/m2. Less EQE droop is also 
observed.  
 
4.2 Ligand Exchange of DHNRs with Benzenethiol 
An on-film ligand exchange step with BT was incorporated into the device fabrication 
process. Compare to complex synthetic steps or chemistry, the film treatment is convenient and 
eliminates the chances of degrading PL through multiple purification steps before and after ligand 
exchange in solution. After spin-casting DHNRs with native oleic acid ligands, the on-film ligand 
exchange was conducted using a 1% volume concentration BT in ethanol solution. A few drops of 
BT solution were allowed to cover the device substrate with PEDOT:PSS, TFB/F4TCNQ, and 
DHNRs and let stand for 15 s before spinning dry. A few drops of ethanol were then allowed to 
let stand on the same substrate and spun dry the same ways as the BT solution to remove the excess 
ligands. From the transmission electron microscopy (TEM) images in Figure 4.1, it is clear that 
the interparticle spacing between close-packed DHNRs is reduced after BT treatment. The 
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reduction of interparticle spacing is also shown by the change in film thickness. As measured by 
ellipsometry, the thickness of a DHNR film reduced from 51.9 nm to 46.8 nm after the ligand 
exchange process.  
 
Figure 4.1. Transmission electron microscopy (TEM) images of DHNRs before and after benzenethiol ligand 
exchange. (a) (b) DHNR with native oleic acid ligands; (c) (d) DHNR after ligand exchange. The yellow circles in (b) 
and (d) indicate close-paced DHNR groups with oleic acid ligands vs. after ligand exchange. The interparticle spacing 
is notably smaller in (d). 
 
4.3 Effect of Benzenethiol Ligand Exchange on DHNR-LEDs 
As expected, by replacing the long alkyl ligand with short ligand, the electrical conductivity 
of the DHNR film is increased. Figure 4.2 (a) is the current density versus voltage (J-V) 
characteristics of DHNR LEDs with and without ligand exchange. All the devices were fabricated 
side-by-side using the same solutions of materials to minimize device-to-device variations that 
could complicate interpretation of results. The difference in the current density should then arise 
mainly from the effects of partial ligand exchange, including reduction of interparticle spacing in 
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the DHNR films. We first consider the device J-V characteristics measured in the dark. According 
to the general diode equation, the total diode current in the dark is expressed as 
                                               𝐽 = 𝐽0 exp [
𝑞
𝑛𝑘𝑇
(𝑉 − 𝑅𝐽)] + 𝐺𝑉                                       (1) 
Therefore, 
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When G is small,   

















                            (3) 
Where J0 is the saturation current density, q is elementary charge, n is the ideality factor, k is 
Boltzmann’s constant, T is temperature, R is the series resistance and G is the shunt conductance 
per unit area.[11] By plotting dV/dJ against (J-GV)-1, we can extract R values for different devices 
according to equation (3) (Figure 4.2 (b)). With the thiol treatment, R is reduced from 31 ohm cm2 
to 12 ohm cm2, confirming the expected improvement of electrical conductivity of the devices. 
We note that n also becomes significantly smaller after ligand exchange, which might arise from 




Figure 4.2. (a) Current density-voltage (J-V) characteristics of the LEDs with (red) and without (black) benzenethiol 
ligand exchange. Inset is the J-V characteristics in log scale. (b) The plot of dV/dJ vs. (J-GV)-1 to extrapolate R and n. 
The dotted lines show the linear fit of the data. 
As mentioned before, thiols, including benzenethiol, have been reported to facilitate charge 
extraction from CdSe by introducing a “trap” state. We have also observed an increase in 
photocurrent with the DHNR light-responsive LEDs. Figure 4.3 (a) shows the dark and light J-V 
characteristics of DHNR devices with and without ligand exchange. The photocurrent densities 
are measured under AM 1.5 (100 mW/cm2) condition. While photon absorption should remain the 
same, the JSC is increased by 29.3% and power conversion efficiency (PCE) improved 33.3%. 
Although the efficiency is still modest, the improvement brought by ligand exchange alone is quite 
significant. A higher maximum EL is also observed with the devices after ligand exchange. As 
shown in Figure 4.3 (b), the DHNR-BT device exhibits a maximum luminance of 93,600 cd/m2. 




Figure 4.3. (a) Current density-voltage (J-V) characteristics of light-harvesting LED under dark and AM 1.5 (100 
mW/cm2) conditions; (b) Dependence of LED luminance on the applied voltage. Inset shows the L-V characteristics 
at low voltage regime in log scale. 
Through a partial ligand exchange with BT, similar increases in luminance and efficiency 
for CdSe/ZnS core/shell QD-LEDs have been reported.[12] We have also observed these 
improvements in EL with CdSe/CdS/ZnS core/shell/shell QD-LEDs. After film treatment using a 
BT solution, enhancement of current density, luminance, efficiencies, and even photocurrent were 
demonstrated at the same time, as shown in Figure 4.4. Varying the concentration of the BT 
solution shows that there is an optimum concentration (1%) for achieving the most improvement 
in device performance. Compared to the untreated control device fabricated in parallel, there is 
more than threefold increases in both the maximum luminance and EQE in the LED mode, and 
the power conversion efficiency in the photovoltaic mode is improved from 0.005% to 0.015%. 
Compared to ref. 12, which showed a ~1.8 fold increase in maximum luminance and current 
efficiency, the improvement observed here is even more significant. It is possible that the 
core/shell/shell QDs used here have thicker shells than in ref. 12, and the devices benefited more 




Figure 4.4. (a) Current density-voltage (J-V) characteristics of the QD-LEDs with (red) and without (black) 
benzenethiol ligand exchange. Inset is the J-V characteristics in log scale. (b) Dependence of QD-LED luminance on 
the applied voltage. Inset shows the L-V characteristics at low voltage regime in log scale. (c) External quantum 
efficiency (EQE) vs. luminance for control and BT-treated QD-LEDs. (d) Current density-voltage (J-V) characteristics 
of QD-LED under dark and AM 1.5 (100 mW/cm2) conditions. 
In order to better understand how BT can improve both photocurrent and LED performance, 
time-resolved PL measurements under bias were carried out for different devices. PL decays of 
the control DHNR device and thiol treated device under different applied voltages are shown in 
Figures 4.5 (a) and (b), respectively. A significant decrease in the fast component at positive 
voltage can be clearly seen in both cases. The voltage dependence showing increasing PL lifetime 
from reverse to forward bias is shown in Figure 4.5 (c). This bias dependence has been attributed 
to the efficient carrier extraction from the DHNRs which can compete with radiative 
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recombination, causing the PL lifetime to appear shorter.[13] The most obvious difference is the 
weighted average PL lifetimes of DHNRs in the thiol treated device being consistently shorter in 
the photocurrent generating range of -2 to <~1.5 V (Figure 4.5 (c)). The PL lifetime of DHNRs in 
thiol treated LED is also shorter when the devices are electrically floating (marked with stars in 
Figure 4.5 (c)). When the devices are short circuited (0 V), they both exhibit a decrease in PL 
lifetime due to aforementioned carrier extraction effect but the decrease in the thiol treated device 
is slightly smaller. As seen in Figure 4.6 (a), when the concentration of BT is increased, this 
difference between floating and short circuit conditions disappears.  
 
Figure 4.5. (a) (b) PL decay of control and BT devices under indicated biases. The insets show full time linear scale 
plots of the PL decay. (c) Bias-dependent weighted average PL lifetime of DHNRs with native ligands and DHNRs 




In general, the faster PL decay can arise from a more efficient charge separation, extraction, 
and/or trapping. Given the results in Figure 4.5 (c) where the two voltage dependences of PL 
lifetime are essentially a constant offset of each other, the obvious effect of BT treatment may be 
more charge trapping. The larger degree of this offset to shorter PL lifetimes with increasing BT 
concentration (Figure 4.6 (a)) is also consistent with the expectation that more thiols will introduce 
more hole traps. The effect of hole traps explains the change of photocurrent with concentrations 
of BT. As shown in Figure 4.6 (b), both 1% and 5% BT treatment increased JSC for the devices, 
but with 5% BT treatment, the improvement becomes smaller, which is likely due to the increased 
charge trapping from the thiol ligands. Charge trapping is usually undesirable for photovoltaics 
and it can often lead to a reduced open circuit voltage (VOC). While a slight reduction in VOC is 
observed in the case of the BT-treated DHNR-LED in Figure 4.3 (a), in general, no obvious trend 
in the change in VOC with BT treatment is seen. We have observed VOC to vary within only about 
0.1 V around that of control untreated DHNR-LEDs.  The effect of thiol induced hole trapping on 
the trap-limited transport region of the J-V characteristics is also minimal for DHNR-LEDs as 
shown in Figure 4.2(a) inset. Including effect of improved charge transport due to the shorter 
insulating ligand length and the fact that the thiol induced hole trap levels should lie below HTL 
valence band edge, the net result is a significant increase in the power conversion efficiency due 




Figure 4.6. (a) Bias-dependent weighted average PL lifetime of DHNRs with native ligands and DHNRs after 0.2%, 
0.5%, 1% and 5% v/v BT treatment (b) The photovoltaic characteristics of the devices in (a). 
While the improvement in photocurrent generation upon optimized thiol treatment may be 
anticipated, the increase in the maximum luminance without any decrease in the maximum EQE 
under LED mode for DHNR-LEDs and an increase by about a factor of three in both maximum 
luminance and EQE for C/S QD-LEDs are quite surprising. The thiol treatment even reduces droop 
in EQE (Figure 4.5 (d)). Given the overall reduction in the average PL lifetime, the first expectation 
of thiol treatment is hole trapping which should cause the opposite effect.  However, the number 
of hole traps introduced by partial ligand exchange with BT is expected to be small based on the 
large increase in JSC with negligible changes in VOC and trap-limited region of the J-V curve. 
Additionally and strikingly, the increasing PL lifetime of the thiol treated DHNR-LEDs with 
forward bias becomes identical to the untreated case when the bias approaches VOC. Since VOC is 
just below the LED turn-on voltage, one can then anticipate the PL lifetime to be the same or 
similar when the LED operates. In the QD-LED case, there is no bias dependence of the PL lifetime 
and thiol treatment does not alter this lack of dependence (Figure 4.7). Then, we suggest that the 
small number of thiol-induced hole traps become filled upon forward bias therefore do not 
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significantly affect radiative recombination processes in the LED mode. The PL lifetime being the 
same for electrically floating and V = VOC conditions in the control devices but being much longer 
at V = VOC than when electrically floating for the BT-treated devices supports this idea that the 
hole traps induced by thiols get filled as voltage increases. That is, BT-induced hole trapping 
effects, while observable in the small bias regime, becomes negligible as V approaches VOC. With 
the energy levels lying between the valence band edge of the HTL and that of the emitting materials, 
the hole traps, as they become filled with forward bias, may even facilitate hole injection by 
providing a graded energy level – an effect analogous to the gradient hole injection layer used in 
OLEDs.[14] The overall effect is then improved hole injection and extraction, leading to better 
charge balance that enhances in both LED and photovoltaic modes of operation. 
 
Figure 4.7. (a) (b) PL decay of control and BT devices under indicated biases. No bias dependence of PL lifetime is 
observed. (c) Bias-dependent weighted average PL lifetime of QDs with native ligands and QDs after 1% v/v BT 
treatment. 
Finally, we discuss whether or not the thiol treatment has any significant effect on the long-
term stability of the devices. At initial luminance of 5,000 cd/m2 (under 77.8 mA/cm2 current 
density), the t0.9 (time to reach 90% of the initial luminance at constant current) and t0.8 (time to 
reach 80% of initial luminance at constant current) are 12 h and 28 h respectively (Figure 4.8), 




Figure 4.8. Luminance change as functions of time. BT-treated DHNR-LEDs decrease to ~90% of initial luminance 
(Lo = 5,000 cd/m2) after ~12h, and decrease to ~80% of initial luminance after ~ 28h of operation in air.  
 
4.4 Summary 
In summary, we have demonstrated that partial ligand exchange with BT can lead to 
simultaneous enhancement of photovoltaic and LED performance in both DHNR- and QD-LEDs. 
The effect of BT ligands on device performance has been investigated. First, the shorter BT ligands 
improve the electrical conductivity of the nanocrystal films, facilitating charge transport in the 
devices. Furthermore, the BT ligands introduce hole trap energy levels between the valence band 
edge of the HTL and that of the emitting materials. In LED mode, the hole traps become filled 
with a low forward bias, so instead of reducing device performance, they actually facilitate hole 
injection by providing a graded energy level. Together, the improved charge transport and 
enhanced hole injection/extraction lead to 29.3% and 33.3% improvement in short circuit current 
and power conversion efficiency when the DHNR devices are operated in photovoltaic mode, and 
a 30% improvement in maximum luminance in DHNR-LEDs. For C/S QD-LEDs, a factor of three 
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improvement in both maximum luminance and EQE was observed. The results demonstrated 
ligand exchange as a simple yet powerful method for improving DHNR- and QD-LEDs, while 
also provide insights on the effect of thiol ligands on the energy states on the surface of 
nanocrystals.  
 
4.5 Experimental Details 
Materials. Trioctylphosphine oxide (TOPO) (90%), trioctylphosphine (TOP) (90%), oleic 
acid (OA) (90%), trioctylamine (TOA) (90%), octadecene (ODE) (90%), 1-octanethiol (98.5%), 
CdO (99.5%), Zn acetate (99.99%), S powder (99.998%), Se powder (99.99%), benzenethiol (≥ 
99%), ethanol (anhydrous, ≥ 99.5%) and tetrahydrofuran (THF) (anhydrous, ≥ 99.9%) were 
obtained from Sigma-Aldrich. N-Octadecylphosphonic acid (ODPA) was obtained from PCI 
Synthesis. ACS grade chloroform and methanol were obtained from Fischer Scientific. All 
chemicals were used as received.  
Synthesis of CdS/CdSe/ZnSe Double-Heterojunction Nanorods (DHNRs). The 
synthesis procedure is described in Chapter 2.4 (1). For this work, ZnSe growth used 0.75 mmol 
of Se. The resulting CdSe/CdS/ZnSe DHNRs were purified by precipitation using a solvent 
mixture of THF and methanol followed by centrifugation. The supernatant was discarded and the 
precipitate was re-dispersed in THF for device fabrication (0.4 mL of THF per 1 mL of reaction 
mixture). 
Synthesis of CdSe/CdS/ZnS core/shell/shell quantum dots. CdSe/CdS/ZnS C/S QDs 
were prepared similar to ref x.[16] After CdO powder (0.206 g) and OA (2.0 mL) were degassed 
in TOA (40 mL) at 150 °C for 30 min and the mixture heated to 300 °C, TOP:Se (0.4 mL of 1.0 
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M solution) was swiftly injected into the reaction mixture. After 45 s, 1-octanethiol (0.21 mL) in 
TOA (6 mL) was slowly injected (1 mL/min). The reaction mixture was then allowed to stir for 
30 min at 300 °C. Sixteen milliliters of Zn-oleate solution, prepared in a separate flask by stirring 
Zn acetate (0.92 g) and OA (3.2 mL) in TOA (20 mL) at 250 C for 60 min, followed by 1.12 mL 
of 1-octanethiol in 6 mL of TOA, was injected at 1 mL/min. After 30 min, the solution was cooled 
to room temperature. The resulting CdSe/CdS/ZnS QDs were purified in the same way as for 
DHNRs.  
Device fabrication. The details of device fabrication are described in Chapter 2.5. Briefly, 
pre-patterned ITO/glass substrates (Ossila, sheet resistance 20 ohm/square) were used for 
fabrication of LEDs after cleaning with acetone and IPA and treatment under UV-ozone lamp for 
15 min. PEDOT:PSS (Clevios P VP Al 4083) was spin-cast directly onto the ITO at 4,000 rpm for 
40 s in air, then baked at 120 oC for 5 min in air and 210 oC for 10 min in N2-filled glovebox. All 
subsequent steps prior to cathode deposition were carried out in the glovebox. TFB (H.W. Sands 
Corp.) dissolved in m-xylene (5 mg/mL), with 2 mg/mL F4TCNQ (Sigma-Aldrich) added as 
dopant, was spin-cast at 3,000 rpm for 30s, then baked at 180 oC on a hotplate for 30 min. DHNR 
solution was then spin-cast at 2000 rpm for 30s. Solid-state ligand exchange was performed by 
flooding the surface with 1% v/v BT in ethanol for 15 s before spin-cast dry at 2,500 rpm. Ethanol 
was then spin-cast twice to remove the excess ligands. The DHNR film was annealed at 180 oC 
for 30 min after ligand exchange. Subsequently, colloidal ZnO solution (~30 mg/mL in butanol, 
prepared following reported method)16 was spin-cast at 2000 rpm for 30s and baked at 110 oC for 
30min. Finally, 100 nm thick Al cathodes were defined by a shadow mask and deposited by 
electron-beam evaporation. LEDs were encapsulated with a glass coverslip using an epoxy (NOA 
86) in the glovebox. 
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Characterization. TEM samples were prepared on Cu grids with thin carbon film using 
the same solution of DHNRs and same conditions as for device fabrication. The Cu grids were 
taped to glass substrates for spin-casting. TEM analysis was carried out with a JEOL 2100 TEM 
operating at 200 kV.  The thicknesses of the DHNR films were measured with a J. A. Woollam 
VASE Ellipsometer. DHNR films were prepared on Si substrates using same conditions as device 
fabrication, and ellipsometry data were collected in the wavelength range of 400-900 nm at 
incidence angles of 60°. Data analysis was performed using WVASE32 software. The thicknesses 
of the films were determined using the Cauchy model. All LED characteristics were recorded using 
a Spectrascan PR-655 spectroradiometer coupled with a Keithely 2602B source-measure unit. 
EQE was calculated as the ratio of the number of photons emitted (calculated from luminance 
measured by the spectroradiometer) to the numbers of electrons injected (calculated from 
measured current). Current and power efficiencies were obtained as the ratio of the output 
luminance to the driving current density and the ratio of the luminous flux output to the driving 
electrical power, respectively. Photovoltaic characteristics were taken with Newport Solar 
Simulator under AM 1.5 (100 mW/cm2) condition. Time-resolved PL was measured using a 
Horiba Nanolog spectrofluorometer. Weighted average PL lifetime was calculated following 
published methods. All device measurements were performed in air.  
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CHAPTER 5.  
UNCONVENTIONAL APPROACHES TO DEVICE FABRICATION  
 
Significant components of section 5.1 are from “Jiang, Cho and Shim, J. Mater. Chem. C, to be published (2017)” 
 
5.1 Introduction 
With the development of this exciting class of materials and capabilities beyond what 
OLEDs can do, there is an increasing interest in developing scalable approaches to QD-LED 
manufacturing. While beneficial in many ways, the solubility of QDs can also be a hindrance 
especially when delicate features and patterns are needed within complex device structures. For 
example, spin-cast thin films of QDs are in general not compatible with conventional 
photolithography because QDs can be dissolved away, and therefore the QD film damaged, in the 
solvents used with photoresists. Solvents for QDs can in turn strip or damage patterned photoresist. 
When depositing multiple layers during LED fabrication, the solvent compatibility of the CTLs 
also needs to be considered. Different approaches for patterning QD films and devices that have 
been reported are first introduced here followed by a discussion on our recent efforts. 
(1) Ligand exchange enabling conventional photolithography for QD patterning 
One method to overcome the challenge of solvent compatibility is to modify the surface of 
QDs to achieve solvent orthogonality with the solvents used for photolithography. For instance, 
with ionized hydrophilic surfaces, QDs can be assembled in a layer-by-layer manner into a film 
that can maintain its integrity through the photolithography process.[1] As shown in Figure 5.1 (a) 
(1) and (2), a conventional photolithography process is first used to form pixel patterns with the 
photoresist (PR) on a Si/SiO2 substrate. The substrate is then exposed to oxygen plasma to impart 
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negative charges on the surface (Figure 5.1 (a) (3)), which makes the surface hydrophilic. A water 
solution of positively ionized polyelectrolyte, poly(diallyldimethylammonium chloride) (PDDA), 
can adhere to the negatively charged surface by electrostatic force, leaving a temporarily positively 
charged surface state. Water soluble II-VI C/S QDs with carboxylic acid ligands can be self-
assembled on such a positively charged surface (Figure 5.1 (a) (4)). By repeating the PDDA 
treatment and QD self-assembly and upon final PR liftoff, patterned RGB pixels of thick QD films 
have been demonstrated (Figure 5.1 (a) (5)).  
More recently, direct optical lithography of QDs has been demonstrated by incorporating 
photoactive ionic molecules as ligands for the QDs.[2] The ligand molecules on QDs can be 
constructed as ion pairs, Cat+X-, where X- is an electron rich nucleophilic group that binds to the 
electron-deficient surface sites, typically metal ions (Lewis acids). The negative charge on X- is 
balanced by the Cat+, as shown in the schematic in Figure 5.1 (b). When the Cat+ and X- groups 
are photochemically active, they can enable direct optical patterning of the QDs. For example, 
photoacid generators (PAGs), such as diphenyliodonium (Ph2I
+) shown in Figure 5.1 (b), can be 
used as photochemically active cations. Upon photon absorption, PAG molecules decompose and 
release protons, which can react with the X- group or with the NC surface in several different ways 
that alter NC solubility. Alternatively, the X- group can be made photosensitive. As the solubility 
of NCs change upon UV photon exposure, the NC films can be directly patterned by optical 
lithography without the need of a photoresist.  
As shown by these two examples, the patterning of QDs can be made compatible with the 
conventional photolithography fabrication process through careful engineering of surface ligands. 
However, ligand exchange can often lead to degradation of desired characteristics, especially 
photoluminescence, and may be detrimental in some cases.[3] Furthermore, most high-
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performance QD-LEDs use organic materials as HTL, which can also be damaged by the 
conventional photolithography process when QDs are being patterned on top. Hence, dry 
approaches that can preserve the QDs as well as the HTLs are highly desirable.  
 
Figure 5.1. (a) Schematic of patterning different QDs on a Si/SiO2 substrate using repeated photolithography and LbL 
assembly of QDs (from Ref 1) (b) Schematic representation of a nanocrystal with ion pair surface ligands along with 
a table showing the two approaches of designing photosensitive inorganic ligands. Either cation (PAG+) or anion 
[1,2,3,4-thiatriazole-5-thiolate (CS2N3−)] of the ion-pair ligand can react under exposure to UV light. (from Ref 2) 
(2) Contact transfer printing for QD-LED fabrication 
Among alternative approaches to pattern and subsequently to integrate QD thin films 
within LED structures are contact and transfer printing methods. An example of contact printing 
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is where QDs are spin-cast onto a structured polydimethylsiloxane (PDMS) stamp, then brought 
into contact with a receiving substrate to print QDs only on the protruding regions of the stamp.[4] 
Through this approach, patterned QD-based LEDs have been successfully fabricated. Similarly, 
instead of spin-casting directly onto the stamp, QDs can be selectively picked up by the structured 
PDMS stamp from a donor substrate and retrieved QDs can be subsequently printed onto target 
sites on a receiving substrate.[5.6] This transfer printing process is shown in Figure 5.2 (a). Note 
that the donor substrate should be first modified by a self-assembled monolayer to reduce its 
surface energy. When the receiving substrate is ITO with pre-coated PEDOT:PSS and TFB, LED 
devices could be fabricated after depositing the ETL and top electrode onto the patterned QD pixels.  
Large-area flexible QD-LED displays have been demonstrated using this approach.[7] 
Furthermore, the performance of QD-LEDs has been shown to improve with the transfer-printed 
QD films, with maximum luminance and luminous efficiency increasing by ~ 25-52 % over 
devices fabricated using spin-cast QD films.[7] These improvements have been attributed to the 
pressure applied during the pickup and printing steps increasing the density of QDs as well as to 
transfer printing being a dry process that eliminates possible swelling of the HTL by the solvent 




Figure 5.2. (a) Schematic of transfer printing process for patterning of QDs. The bottom right image is a fluorescence 
micrograph of the transfer-printed RGB QD strips onto the glass substrate excited by 365 nm UV radiation. (from Ref 
7) (b) Schematic of the intaglio printing process. A QD film is brought in contact with an intaglio trench to remove 
the excess QDs. (c) Pattern size scaling in the structured stamping (left) and intaglio transfer printing (right). Transfer 
yield is higher with the intaglio process. (from Ref 8)  
Further efforts to improve transfer printing have been made, especially to achieve high 
resolution with high yields. In particular, an intaglio patterning approach in which the QD films 
are picked up by a PDMS stamp and then brought in contact with an intaglio trench appears to 
show much promise (Figure 5.2 (b)).[8] Only the part of the QD layer that is not in contact with 
the intaglio substrate remains on the stamp and is transfer printed on the target substrate. This 
process enables definition of small pixel areas, and in turn pushes the resolution limit well beyond 
current needs for most applications (Figure 5.2 (c)). Another approach is to introduce new stamp 
materials. For example, shape memory polymer (SMP) that switches their elastic modulus as a 
function of temperature has been utilized for transfer printing.[9] Patterned PR has also been used 
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as a stamp material, allowing well-established, high-resolution photolithography to be 
incorporated into transfer printing. These two approaches incorporating different stamp materials 
are discussed in detail later in sections 5.2 and 5.3. 
Another advantage of transfer printing is that multiple layers of QD films or heterogeneous 
materials can be patterned together. Such an ability can be especially beneficial for device 
fabrication.  For example, white-emitting LEDs consisting of a stack of RGB QD films have been 
fabricated through multiple transfer printing steps using poly(vinyl alcohol) to enhance retrieval 
of each film of different color QDs.[10] Another approach is to use a fluoropolymer as a low 
energy protective coating to allow transfer printing and patterning of multilayer stacks consisting 
of QDs, ETL, and the metal electrode simultaneously.[11] Because the fluoropolymer can be 
removed with an orthogonal solvent, multi-color QD-LED pixel arrays with customized ETL for 
each color can be patterned on the same plane of the same substrate. These transfer printing-based 
strategies, especially when developed into a parallel printing/patterning scheme, should accelerate 
integration of QD-LEDs into displays and other applications.  
(3) Direct printing for QD-LED fabrication 
Another alternative approach that is showing promise with respect to QD-LED fabrication 
is ink-jet printing and related methods.[12] As the name suggests, QD solutions are used as inks, 
and QD pixels are printed onto the substrates followed by the deposition of CTLs.[13] With 
optimized HTL, air stable QD-LED with a maximum EQE of 5.54% has been demonstrated using 
ink-jet printing method.[14]  Improvements to these direct printing methods include electro-
hydrodynamic jet printing or e-jet printing.[15] In this method, a voltage bias is applied between 
the substrate and a metal-coated glass capillary (Figure 5.3 (a) (b)), inducing rapid flow of the QD 
ink through a fine opening at the end of a nozzle. E-jet printing method offers higher resolution 
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and improved control over thickness as well as the versatility of printing different color QDs, as 
shown in Figure 5.3 (c) and (d). Feature sizes down to ~ 20 nm in both height and width have been 
demonstrated with E-jet printing.  
 
Figure 5.3. (a) An optical microscope image of a metal-coated glass nozzle (5 μm internal diameter at the tip) and a 
target substrate during the printing process. (b) Schematic illustration corresponding to the image of (a). (c,d) 
Composite fluorescence images of QD LEDs. In the type I device, the red QD thin film was spin-cast on the stack of 
TFB, PEDOT/PSS, and micropatterned ITO electrode. The line array of green QDs was then formed by e-jet printing. 
In the type II device, green and red QDs in the form of arrays of dot were alternatively printed on the same stack. 






5.2 Solvent-Free Patterning of QD Films Utilizing Shape Memory Polymers 
Significant components of this section were published as “Solvent-Free Patterning of Colloidal Quantum Dot Films 
Utilizing Shape Memory Polymers,” H. Keum, Y.  Jiang, J. K. Park, J.  Flanagan, M.  Shim, and S. Kim, 
Micromachines 8, 18 (2017).[9]  
(1) Introduction 
Transfer printing with a structured polydimethylsiloxane (PDMS) elastomeric stamp 
requires certain thresholds with respect to the applied preload when the PDMS stamp is making a 
contact with a QD film and with respect to separation rate, i.e., peeling rate, for proper 
patterning.[7.16] This method suffers from inconsistent patterning due to weak adhesion between 
the QDs, high preload, a high peeling rate, and poor resolution. Introducing water-soluble 
polyvinyl alcohol (PVA) can enhance transfer of QD films to PDMS stamps and improve 
patterning yields, but the process still suffers from high preload, high peeling rate, and moderate 
resolution.[10] Recently introduced intaglio transfer printing has successfully demonstrated ultra-
high resolution, but the drawback of the high preload and high peeling rate (10 cm/s) still 
remains.[8] 
We propose an alternative method of patterning QD films that utilizes the shape memory 
effect of shape memory polymers (SMPs) to alleviate such high preload and high peeling rate 
requirements without compromising high pattern resolution. SMPs are a class of thermosensitive 
materials that change their mechanical compliance across the polymer’s glass transition or melting 
temperature (Tg, or Tm).[17.18] The reversibility in the elastic modulus can be exploited to provide 
conformal contact and high pull-off force, useful for transfer printing and patterning.[19] Here, a 
structured SMP surface is used to make conformal contact to QD films with low preload at an 
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elevated temperature and to provide high pull-off forces enabling high-resolution large-area 
patterning, even with a low separation rate (~ 2 µm/s) at room temperature. In such a way, solvent-
free, rate-independent, high yield, highly scalable QD film patterning is achieved via the SMP 
surface. 
(2) Materials and Methods 
(2).1 Synthesis of CdSe/CdS Core/Shell Quantum Dots 
CdSe/CdS core/shell QDs were synthesized by an established method with slight 
modifications.[20] Briefly, 1 mmol of CdO, 4 mmol of oleic acid (OA), and 20 mL of 1-octadecene 
(ODE) were degassed at 100 °C for 1 h before being heated up to 300 °C to form clear 
Cd(OA)2 precursors. Then 0.25 mL of 1 M Se in trioctylphosphine was swiftly injected into the 
reaction mixture. After 90 s of growth, 0.75 mmol of 1-octanethiol in 2 mL of ODE was injected 
dropwise. The reaction was terminated by cooling with an air jet after another 30 min of growth. 
The final reaction mixture was purified twice by adding 1 part toluene and 2 parts ethanol and 
centrifuging at 2000 rpm. 
(2).2 Preparation of Si–ODTS–QD Substrate 
The preparation of octadecyltrichlorosilane (ODTS)-coated Si substrates followed an 
established method[7] with slight modifications. Silicon substrates were cleaned by 
acetone/isopropanol and dried with N2 flow, and then cleaned using UV/O3 for 30 min. After 
UV/O3 exposure, the Si substrates were immediately transferred to ODTS in anhydrous hexane 
solution (1:600 volume ratio) and left to self-assemble for 1 h. The resulting substrates were 
sonicated in chloroform to remove excess ODTS molecules and then baked on a hot plate at 120 °C 
for 20 min. Once the ODTS-coated Si substrate was prepared, a solution of QDs in octane (~60 
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mg/mL) was spin-casted onto the substrate at 2000 rpm for 30 s. The schematics and an optical 
image of the prepared substrate are included in Figure 5.4 (a). 
 
Figure 5.4. A schematic of the process flow of QD patterning using an SMP stamp. (a) An ODTS and QD coated 
Si substrate is prepared. A photograph of the donor substrate is shown on right. (b) An SMP stamp is prepared 
separately. An scanning electron microscope (SEM) image of the stamp is shown in right. (c) The SMP stamp is 
heated above Tg and brought in conformal contact with the QD substrate with minimal preload. (d) Prior to the 
separation of the SMP stamp and the QD substrate, the stamp is cooled below Tg for higher pull-off force. (e) QDs 
are removed at the region where the SMP stamp is contacting the QD substrate, resulting in successful patterning. 
(2).3 Preparation of the Shape Memory Polymer (SMP) Stamp 
For the fabrication of SMP stamps, a SU-8 (SU-8 50, MicroChem, Westborough, MA, 
USA) mold was first made. SU-8 was spin-casted to form a 50 µm thin layer on the Si wafer and 
patterned into a mold by photolithography. A PDMS precursor was carefully poured into a SU-8 
mold and cured in a convection oven at 60 °C for 120 min. The PDMS mold was then used for the 
successive SMP molding process. A previously developed SMP, NGDE2 with Tg of ~40 °C,[20] 
was used in this work. A mixed SMP precursor was poured into the PDMS mold and cured between 
the mold and a glass slide in a convection oven at 100 °C for 90 min. Final demolding of the SMP 
from the PDMS mold leads to a SMP stamp 50 µm in thickness on the glass slide as shown 
in Figure 5.4 (b). 
(2).4 Patterning Procedure 
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On a high precision translational and rotational mechanical stage, the prepared Si–ODTS–
QD substrate is placed. The SMP stamp is attached to an indium tin oxide (ITO) heater designed 
to generate heat to increase temperature to 100 °C upon 16 V bias by an external power source. 
This ITO heater with the SMP stamp is attached to a fixture, which is placed over the Si–ODTS–
QD substrate. An optical microscope is located over the ITO heater, with which all patterning steps 
are monitored during the procedure. After heating the SMP stamp above Tg, which makes the 
stamp compliant, the mechanical stage with the Si–ODTS–QD substrate is manually raised and 
brought into conformal contact with the SMP stamp with minimal preload as depicted in Figure 
5.4 (c). While the preload was applied, the stamp was cooled below Tg as shown in Figure 5.4 (d) 
to induce high pull-off force to remove the QDs from the substrate. Subsequently, the SMP stamp 
and the Si–ODTS–QD substrate was separated at ~2 µm/s, which removed the QDs on the contact 
area as schematically shown in Figure 5.4 (c). 
(2).5 Characterization 
The photoluminescence (PL) spectra of QDs were collected with a Horiba Jobin Yvon 
FluoroMax-3 spectrofluorometer (Horiba, Ltd., Kyoto, Japan). The scanning electron microscope 
(SEM) images were obtained on Hitachi S4800 SEM (Hitachi, Ltd., Tokyo, Japan). The thickness 
of the QD film was measured to be 47 nm using a J. A. Woollam VASE Ellipsometer (J. A. 
Woollam Co., Inc., Lincoln, NE, USA) in the wavelength range of 400–900 nm at an incidence 
angle of 60°. Data analysis was performed with WVASE32 software (J. A. Woollam Co., Inc.) 
using the Cauchy model. PL imaging was carried out on a Jobin Yvon Labram HR800 confocal 
Raman spectrometer (Horiba, Ltd.) using a 10× air objective with 532 nm laser excitation source. 
The laser intensity was kept below 0.5 mW to prevent damage to the QD films. 
(3) Results and Discussion 
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(3).1 Optical and SEM Images of Patterned QD Films under Different Process Conditions 
Optical and scanning electron microscopy (SEM) images of QD films patterned using 
different states of the SMP stamp with slow separation rate (~2 µm/s) are shown in Figure 5.5 (a) 
– (c). The result in Figure 5.5 (a) was achieved with the SMP stamp making contact with the QD 
substrate below Tg. Owing to the high elastic modulus of the SMP stamp (2.5 GPa[18]) at room 
temperature (below Tg), the stamp has a very low probability of making highly conformal contact 
over the entire desired contact area. Any tilting misalignment between the SMP stamp and the QD 
substrate causes the stamp to slide, leading to an accumulation of QDs. Figure 5.5 (b) reveals the 
situation when the SMP stamp is heated at ~80 °C (above Tg) throughout the patterning experiment. 
Above Tg, the stamp becomes compliant (10 MPa[18]). Relatively well defined square regions 
suggest conformal contact between the stamp and the QD substrate. However, the pull-off force 
applied to the QD film during separation is limited by the low elastic modulus, leading to an 
incomplete removal of the QDs. The effect of changing the elastic modulus of the SMP stamp 
during QD patterning is shown in Figure 5.5 – in particular, when the stamp is heated during the 
initial conformal contact and is cooled prior to separation. The patterned region exhibits sharp 




Figure 5.5. Optical images of the patterned QD films and zoomed in SEM images of the boxed region for different 
experimental conditions. (a) The contacting and separation were both conducted at a temperature below Tg. (b) 
Both contact and separation were conducted at an elevated temperature (above Tg). (c) The stamp is heated 
above Tg and brought to contact, which is subsequently cooled to room temperature (below Tg) prior to separation. 
All experiments were conducted at the same preload (~5.5 kPa) and separation rate (~2 µm/s). The scale bars 
indicate 100 µm. 
The pull-off force that the SMP stamp exhibits against a rigid surface during separation 
can be expressed as[21]  
                                    𝐹𝑝𝑢𝑙𝑙−𝑜𝑓𝑓 = √25.31𝛾0(2𝐸𝑆𝑀𝑃)𝐿3                                (1) 
where γ0 is the work of adhesion between the SMP stamp and a rigid surface. ESMP and L are 
the elastic modulus and the width of the SMP stamp, respectively. Clearly, Equation (1) 
indicates the pull-off force of the SMP stamp is a function of ESMP which also depends on 
whether the SMP stamp is above or below Tg. Although γ0 at the SMP-QD interface is unknown 
and the effect of the elastic moduli mismatch[22] between the SMP and the QDs is simplified, 
107 
 
the equation qualitatively shows different pull-off forces of the SMP stamp between above and 
below Tg separation conditions. This difference in pull-off, i.e., separation force, arising from 
whether or not the stamp is cooled prior to separating the SMP stamp from the QD substrate 
causes differences in the quality of the SMP stamp patterning of QD films. Because of the high 
pull-off force afforded by cooling the SMP stamp below Tg, patterning yield can be completely 
independent of separation rates. 
(3).2 Characterization of Patterned QD Films 
High magnification SEM images were obtained to characterize the morphology of the 
patterned QD films. Figure 5.6 (a) shows a very well-defined edge of the QD pattern using the 
hot contact and cold separation condition, which corresponds to Figure 5.5 (c). Further 
magnified SEM image of the QD film is shown in Figure 5.6 (b). Individual QDs can be seen 
and are uniformly distributed and densely packed in the film. Additionally, spatially resolved 
PL spectra is obtained to examine the possible effects of the SMP stamp-based patterning 
process on the optical properties of the QDs. As demonstrated in Figure 5.6 (c), the PL intensity 
mapping matches the SEM image and shows a distinctively different spectrum between the QD 
pattern and the background. Figure 5.6 (d) reveals that the PL from the dark regions where QDs 
have been removed by the SMP stamp is 4 orders of magnitude lower in peak intensity than that 
from the QD patterns remaining. Furthermore, the PL line shape and peak position are well 




Figure 5.6. SEM and spatially resolved photoluminescence (PL) of a patterned QD film. (a) An SEM image 
reveals a sharp edge of the patterned QD film. (b) Magnified view of the patterned region shows individual QDs 
uniformly distributed without cracks. (c) The PL image of the patterned QD film is consistent with the SEM image 
shown in the inset. The scale bar in the inset is 100 μm. (d) PL spectrum measured within the patterned area of 
the QD film (solid red curve) is very similar to that measured from a solution of the QDs (dotted blue curve). The 
slight red-shift of the PL peak of the film state is presumably due to energy transfer between closely packed QDs. 
The PL from the dark background region (solid black line) surrounding the square pattern of the QD film is 
significantly reduced. 
(3).3 Large Scale Patterning of QD Films 
The QD patterning achieved here through the SMP stamp is a two-dimensional planar 
process that can be developed into a large-scale patterning method. In order to demonstrate the 
feasibility of large scale patterning, an array of 200 µm by 200 µm square SMP stamps is 
prepared as shown in Figure 5.7 (a). The prepared SMP stamp array is brought into contact with 
a QD substrate at a temperature above Tg and subsequently cooled below Tg prior to separation 
as described in methods. The resulting pattern is shown in Figure 5.7 (b). As can be seen in the 
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optical and SEM images, an array of QD patterns covering 1.2 cm × 1.2 cm area can be formed 
in a simple single patterning step with a low peeling rate using the SMP stamp array.  
 
Figure 5.7. SEM and optical images demonstrating successful large area patterning of QD films utilizing SMP 
stamps. (a) SEM image of the array of SMP stamps and (b) optical image of the corresponding patterned QD film. 
Inset in (b) is an SEM image of the patterned QD film with 600 μm scale bar. 
(4) Conclusions 
This work demonstrates a novel method of patterning QD films under solvent-free, dry 
conditions. While existing PDMS-based transfer printing approaches can lead to successful QD 
film patterning, those methods require high peeling rates to induce sufficient pull-off forces. In 
this context, utilizing the shape memory effect of a SMP that switches its elastic modulus as a 
function of temperature provides advantages while maintaining desirable solvent-free 
conditions for patterning QD films. Sufficiently large pull-off forces by the SMP at below Tg in 
conjunction with highly conformal contact of the SMP stamp at elevated temperature (above Tg) 
enable dry patterning of QD films, even at an extremely slow separation rate (2 µm/s), which 
verifies the rate-independent patterning yield of the SMP stamp. Arrays of QD patterns formed 
through this method as demonstrated here can facilitate various device applications, such as 





5.3 Photoresist Stamping for QD Film/ZnO Patterning 
Significant components of section 5.3 are from “Keum, Jiang, Park, Flanagan, Shim and Kim, paper in preparation” 
(1) Introduction 
In this work, we explore the use of a patterned photoresist (PR) stamp to pattern QD films. 
A patterned PR layer on an elastomeric stamp is first transferred onto a film of QDs. The 
subsequent peel-off removes the QDs that are in contact with the PR, thereby transferring the 
lithographically defined pattern onto the QD film. This ‘PR stamping’ has several major 
advantages over transfer printing directly with the common PDMS stamp. Assuming the two 
different stamps have the same conformal contact with QD films, the glassy state of the PR 
provides rigidity that ensures normal stresses to be more evenly distributed on the stamp with less 
stress concentration at corners and edges. The work of adhesion to the QD film is higher for the 
PR stamp than the PDMS stamp. These two characteristics lead to a higher pull-off force between 
the PR and the QD film, which leads to higher patterning yields and spatial resolution that is on 
par with a conventional photolithography.  
In addition to the high resolution, PR stamping approach provides other benefits. First, 
pattern designs are generated directly on PR layer on the stamp using common photolithography 
instead of relying on molding processes which requires fabricating a different template for each 
pattern design, imparting versatility and cost-savings. Second, this approach can also successfully 
pattern QD/CTL stacks. Patterning of QD/ZnO stacks has been demonstrated. In addition, different 
donor films that are patterned by PR stamping can be transfer printed on a common receiver 
substrate, allowing, for example, stacking of RGB pixels. Third, additional layers (e.g., metal thin 
films for electrical contacts) can be deposited prior to peeling off the PR layer, allowing multiple 
stacks of different materials to be patterned together. LED devices have been demonstrated by PR 
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stamping QD/ZnO with Al electrodes defined by the PR patterns. Such an ability could prove 
useful and accelerate advances in QD-based electronic/optoelectronic devices. 
(2) Results and discussion 
Figure 5.8 represents the process flow to pattern a QD film using the PR stamping which 
begins by preparing two different substrates. Red, green or blue colloidal QDs prepared by 
established methods[8.23.24], cleaned and dissolved in octane, are spin-cast onto 
octadecyltrichlorosilane (ODTS) coated Si substrates. PR is spin-cast and photolithographically 
patterned on a PDMS substrate. The PR is brought into contact with the QD film on the Si substrate 
at 65 oC. The elevated temperature enhances conformal contact between PR and QD film. Upon 
cooling to room temperature and separating the PR stamp, regions of QD film that are in contact 
with the PR are removed whereas the QDs in the openings of the PR remain on the original 
substrate, leaving behind high-resolution, patterned QD film corresponding to the lithographically 
defined pattern of the PR.  
 
Figure 5.8. The schematic process flow of the PR stamping to pattern a QD film an ODTS coated Si substrate. A 
photolithographically patterned PR layer on a PDMS substrate and a QD film spun on a Si substrate are separately 
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prepared. The PR and PDMS substrate is brought into contact with the QD film and the subsequent separation of the 
PR and PDMS substrate results in a patterned QD film on the Si substrate. 
Examples of QD films patterned on Si substrates through PR stamping are shown in Figure 
5.9. Optical images in Figure 5.9 (a) show the grid-pattern PR on a PDMS substrate (left) and the 
corresponding patterned array of QD squares on a Si substrate (right). The inset is a magnified 
image showing no residue in regions where the QDs came into direct contact with the PR and were 
peeled off. The individual QD squares are 12 m × 12 m on a 2.5 cm × 2.5 cm Si substrate, which 
demonstrates the feasibility of large-area, high-resolution patterning of QD films through the PR 
stamping. Figure 5.9 (b) shows patterning of complex star shaped QD films with various 
dimensions. As seen in Figure 5.9 (c), scanning electron microscopy reveals that densely packed 
QDs are easily patterned into complex shapes without any discernable damage. 
 
Figure 5.9. (a) Optical microscopy images of a PR layer patterned on a PDMS substrate using photolithography and 
a patterned QD film on a Si substrate through the PR stamping. The inset includes a magnified image which shows 
clear patterns of individual QD squares. The scale bars represent 50 m. (b) Optical microscopy images of complex 
star shape QD patterns which demonstrate the scalability of the PR stamping. The scale bar represents 150 m. (c) 
113 
 
SEM images of a corner of a triangle shape QD pattern in two different magnifications. The right image shows 
compactly remaining QD particles in the pattern region. The scale bars represent 100 m (left) and 200 nm (right). 
To explain this simple-yet-effective QD patterning capability of the PR stamping, normal 
stress distribution at the stamp-substrate contact interface for both PDMS-Si and PR-Si interfaces 
was investigated using finite element analysis (FEA). The results reveal that stress distribution at 
the PR-Si contact interface is more uniform due to the higher Young’s modulus of PR (2 GPa), 
which leads to lower local stresses at the contact edges and thus, a higher pull-off force to enhance 
the quality of patterned QD films on Si substrates. In order to better understand the differences 
between PR and PDMS interfaces with QD films, the work of adhesion between different surfaces 
relevant for PR stamping was estimated from experimentally measured contact angle data. The 
results reveal that the work of adhesion between PR and QD film is ~ 16% larger than that between 
PDMS and QD film. This larger work of adhesion in addition to more uniform stress distribution 
as shown by above FEA results helps to explain why PR is a better choice as the stamp material 
for this QD film patterning approach. In particular, PR improves patterning through reduced stress 
concentration at the corners and stronger adhesion to the film being removed. 
Given that PR stamping relies on van der Waals interaction between surfaces in contact, 
which is universal and not strongly dependent on the surface chemical composition, it should be 
applicable to a variety of different QDs. To confirm this, RGB QD films were patterned through 
PR stamping. Photoluminescence (PL) images of QD patterns shown in Figure 5.11 (a) and (b) 
were collected with a confocal microscope with a 405 nm laser excitation source using band pass 
range ± 10 nm of the PL peak positions, which were 616 nm, 516 nm, 470 nm for RGB QDs, 
respectively. Figure 5.10 (a) shows RGB QD inks in circle, triangle, and star shapes. More complex 
pattern designs such as the letters ‘UIUC’ can also be achieved with a one-step PR stamping since 
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photolithographically defined design can be easily replicated on QD films. The PL spectra of 
patterned QD films are shown in Figure 5.10 (c) and the full-width-at-half-maximum (FWHM) of 
only ~30 nm is maintained for all cases. The unchanged PL spectral features and the observation 
that the patterned QD films were visibly as bright as freshly spin-cast QD films indicate that PR 
stamping can maintain the quality of QD films while allowing high-resolution patterning.  
 
Figure 5.10. Photoluminescence (PL) images of red, green, and blue (RGB) QD films patterned in three different 
shapes (a), red QD films with ‘UIUC’ design (b), and a RGB QD square pattern array (c) on ODTS coated Si 
substrates. All scale bars are 50 m. (d) PL spectra of patterned RGB QD films. 
Individually prepared RGB QD patterns on separate ODTS coated Si donor substrates by 
PR stamping can be integrated together using transfer printing. While the assembly of different 
color QD layers on the same plane has been demonstrated previously,[7][11] vertically stacked 
multiple QD layers have been rarely attempted. To highlight the ease of integrating heterogeneous 
QD inks prepared by PR stamping, RGB 100 m x 100 m square QD inks were transfer printed 
sequentially on the same site of a Si receiving substrate. For this demonstration, a slightly larger 
200 m x 200 m square structured PDMS stamp was utilized to maximize the QD ink retrieval 




Figure 5.11. RGB QD films which are vertically stacked on a glass slide after transfer printing RGB films from 
different donor substrates using a flat PDMS stamp. Both optical microscopy (a) and photoluminescence images (b) 
show highly distinct color of each layer. The scale bars represent 50 m. 
A more enabling feature of PR stamping is that the PR layer can be placed on the donor 
substrate and used as a masking layer prior to being used to remove desired areas of the QD film 
for patterning. Once the thin PR layer is placed on top of the donor substrate, different materials 
can be deposited and subsequent peeling-off of the PR leaves behind patterned donor film with 
additional materials of the same pattern stacked perfectly on top of the donor film. A practical 
example might be a simple additional step of metal deposition leading to a QD/ZnO/metal stack 
ink array on an ODTS coated Si substrate – i.e., array of patterned QD/ZnO each with an electrode 
already contacted ready for transfer printing to arbitrary substrates. The key aspects of this 
variation of PR stamping are the dry placement of a patterned PR layer over a QD/ZnO stack as a 
masking layer for further processing and dry “liftoff” of the PR layer after additional processing. 
Conventional PR spincasting is problematic since the solvents for PR, its developer, and liftoff can 
damage the QDs. Hence, a dry means of depositing a PR masking layer over a QD/ZnO stack by 
modifying the PR stamping can be highly beneficial. Figure 5.12 (a) represents the process flow 
where a patterned PR on a PDMS substrate, which is then utilized as a masking layer, is transferred 
onto a QD/ZnO stack on an ODTS coated Si substrate. This transfer is possible when the PDMS 
116 
 
substrate is peeled from the QD/ZnO substrate slowly at an elevated temperature (65 oC). 
Subsequently, 100 nm thick Al was deposited by ebeam evaporation. Then the PR film was 
removed without any solvent by a commercial pressure sensitive tape to obtain a QD/ZnO/Al ink 
array. Detailed information is provided in the Methods section. Figure 5.12 (b) includes optical 
images corresponding to each step of the QD/ZnO/metal stack ink array formation. The image of 
fully processed composite inks shows clear distinction between composite ink regions and a Si 
surface, which indicates the successful formation of the QD/ZnO/metal stack inks for subsequent 
transfer printing steps. Although this process based on PR stamping is demonstrated with Al, the 
metal layer can be replaced by any material of interest as long as the material is deposited in dry 
(or with an orthogonal solvent) and relatively low temperature conditions such that the PR as the 




Figure 5.12. (a) The schematic process flow to fabricate a patterned QD and metal composite film. (b) Optical 
microscopy images after representative steps including a grid patterned PR on a PDMS substrate, after transferring a 
PR pattern onto a QD surface, after Cr and Au deposition on the entire area, and after removing the composite layer 
including the PR layer using a pressure sensitive tape to form a square patterned QD and metal composite film. All 
scale bars represent 150 m. 
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 When the patterned QD/ZnO/Al stacks are transfer printed onto the hole transport materials 
on an ITO/glass substrate, the ink and the receiver substrate form a functional QD-LED structure. 
QD-LEDs with ITO/PEDOT:PSS/TFB/QD/ZnO/Al structure are demonstrated. As shown in 
Figure 5.13 (a), 8 QD-LED pixels are fabricated by PR stamping and transfer printing method. 
The devices show narrow EL emission (Figure 5.13 (d)), with high EL intensities. When converted 
by the area, these transfer printed devices show similar luminance as the spin-cast QD-LEDs 
(Figure 5.13 (c)).  
 
Figure 5.13. (a) Photograph showing electroluminescence (EL) of 8 QD-LED pixels fabricated by PR stamping and 
transfer printing. (b) Voltage-current characteristics; (c) EL intensities under indicated voltages; (d) EL spectra of the 





A method of patterning colloidal QD thin films using PR, PR stamping, has been developed 
in this work. The process is purely dry and non-detrimental to QDs while it conveniently enables 
high resolution patterning over large areas. The use of PR provides versatility and cost-saving to 
patterning of QDs. The patterned QD layers can also be transfer printed onto virtually any foreign 
surface for utilization, as we have experimentally demonstrated by vertically stacking red, green 
and blue QD layers on top of each other. In addition to QD film patterning, the patterned PR can 
be used as a masking layer and additional materials can be deposited prior to its removal, providing 
a very simple means of patterning multiple types of materials with same pattern on top of QD 
films. The patterning capabilities shown here enable scalable and cost-effective approach to 
heterogeneous integration of QD films with other materials such as charge transport layers and 
metal electrodes on an optimized foreign substrate, facilitating manufacturing of QD-LEDs and 
other advanced QD-based devices. 
(4) Experimental details 
Chemicals: N-octadecylphosphonic acid (ODPA) was purchased from PCI synthesis. Cadmium 
oxide (CdO), 1-octadecene (ODE, 90%), oleic acid (OA, 90%), trioctylphosphine oxide (TOPO, 
99%), trioctylphosphine (TOP, 97%), oleylamine (≥98%), selenium (Se) powder (99.999%), 
sulfur (S) powder (99.999%), tributylphosphine (TBP), zinc acetate (Zn(OA)2, 99.99%), hexane 
(anhydrous, 95%), hexanes (≥98.5%), methanol (≥ 99.8%) and acetone (≥99.5%), octane (≥99%) 
octadecyltrichlorosilane (ODTS, ≥ 90%) were all purchased from Sigma-Aldrich.  
Preparation of a patterned PR layer on a PDMS substrate: The SPR 220-4.5 (MicroChem) 
photoresist (PR) was spin-cast on a 1:10 ratio PDMS (Sylgard 184, Dow Corning) substrate at 
3000 rpm for 30 seconds. The PR on the PDMS substrate was soft baked on a hotplate at 65 ⁰C 
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and 110 ⁰C for 1 min and 2 min, respectively. Subsequently, the PR on the PDMS substrate was 
exposed to UV (I-line, ~ 210 mJ/cm2) light under a photomask and developed with MIF AZ 917 
(AZ Electronic Materials) to form a predesigned pattern on the PR layer. 
Synthesis of RGB QDs: Red, green and blue QDs were synthesized in a standard Schlenk line 
following established methods with slight modifications[8.23.24] The red CdSe/CdS core/shell 
QDs were synthesized using a 2-pot procedure. In the first reaction flask, 0.06 g of CdO, 0.28 g of 
ODPA and 3 g of TOPO were degassed at 150 °C for 1 h before being heated up to 350 °C to form 
Cd-ODPA. After adding 1 mL of TOP, 0.06 g Se in 0.5 mL TOP was swiftly injected at 380 °C, 
and the reaction was quenched after 30s. The obtained CdSe seed QDs were purified by 
precipitation with acetone and then redispersed in hexanes. In the second step, 3 mL of ODE, 2 
mL of oleyamine and the hexane solution of CdSe seeds were degassed at 100 °C for 1h. 1.2 mL 
of the Cd(OA)2 solution (stock solution prepared in a separate reaction flask by degassing a 
mixture of 0.128 g CdO, 0.64 mL oleic acid and 5.4 mL ODE at 100 °C for 30 min before heating 
up to 250°C) was then injected dropwise into the reaction mixture at 260 °C. After finishing 
precursor injection, 1.2 equivalent amount (to Cd(OA)2) of 1-octanethiol in ODE was added 
dropwise to the reaction mixture, followed by swift injection of 1mL oleic acid. The reaction was 
terminated by cooling with an air jet after 1h of growth at 310 °C. For purification, excess acetone 
was added to the reaction mixture, the precipitate after centrifugation was redissolved in hexanes 
and centrifuged again to remove the insoluble precipitate. The supernatant was then purified twice 
by precipitating with methanol. The final QD product was dispersed in octane (~ 60 mg/mL) for 
spin-casting. To synthesize the green CdSe/ZnS alloy QDs, 0.2 mmol of CdO, 4 mmol of Zn 
acetate, 5 mL of oleic acid and 15 mL of ODE were degassed at 110 °C for 1 h before being heated 
up to 300 °C. 0.2 mmol of Se and 3 mmol of S in 2 mL of TOP were then injected into the reaction 
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mixture. The reaction was quenched after 2 min of growth. The blue CdSe/ZnS alloy QDs were 
synthesized in a similar manner. 1 mmol of CdO, 9 mmol of Zn acetate, 8 mL of oleic acid and 15 
mL of ODE were degassed at 110 °C for 1 h before being heated to 300 °C. Then 0.2 mmol of Se 
and 1.8 mmol of S in 3 mL of ODE were injected. After 10 minutes of growth, 4 mL of 2 M TBP-
S was injected at 30 mL/h using a syringe pump. The reaction was terminated by cooling with an 
air jet after another 1 h of growth. The green and blue QDs were purified three times by adding 
chloroform and excess amount of acetone. The final QD products were dispersed in octane (~ 60 
mg/mL) for spin-casting.  
Preparation of donor substrates on ODTS coated Si substrates: The preparation of ODTS-Si 
substrates followed an established method[7] with slight modifications. Silicon substrates were 
cleaned by acetone/isopropanol and dried with N2 flow, and then further treated under UV/O3 for 
15 min. After UV/O3 exposure, the Si substrates were immediately transferred to ODTS in 
anhydrous hexane solution (1:600 volume ratio) and left to self-assemble for 1 h. The resulting 
substrates were sonicated in chloroform to remove excess ODTS molecules and then baked on a 
hot plate at 120 °C for 20 min. Once the ODTS coated Si substrate was prepared, solutions of QDs 
in octane were spin-casted at 3,000 rpm onto the substrate. For device fabrication, the QD films 
are annealed on a 180 °C hotplate for 30 min in a N2 filled glovebox. Solution of ZnO nanoparticles 
is then spincasted, followed by annealing at 120 °C for 30 min. The details on preparation of ZnO 
is discussed in Chapter 2.5 (5). 
PR stamping: A PDMS substrate with a PR pattern was brought into contact with a QD film on an 
ODTS coated Si substrate on a hotplate at 65 ⁰C with the PR pattern layer facing the QD film. 
Slight preload was applied to enhance a conformal contact between the PR layer and the QD film. 
Once the contact was established, the QD/Si substrate and the PR/PDMS substrate were cooled to 
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room temperature and separated quickly, which resulted in the patterned QD layer on the ODTS 
coated Si substrate. 
Fabrication of patterned QD/ZnO and metal composite films: The process was identical with the 
PR stamping until the establishment of the proper contact between the PR layer and the QD/ZnO 
film. The separation between the PR and PDMS substrate and the QD/ZnO and Si substrate was 
conducted on a hotplate at 65 ⁰C slowly, which resulted in the PR layer being transferred onto the 
QD/ZnO film and Si substrate. The Si/QD/ZnO substrate with the PR layer was then placed in a 
ebeam evaporation chamber to deposit 100 nm thick Al films. Subsequently, a commercially 
available pressure sensitive tape was delicately applied onto the protruding metallic layer on top 
of the PR and peeling away the tape resulted in the patterned QD/ZnO/Al composite film. 
Integration of QD-LEDs: 
Characterizations: The photoluminescence (PL) imaging of QD patterns were collected using a 
Leica SP8 UV/Visible Laser Confocal Microscope with a 405 nm laser as excitation source and 
an oil immersion objective (40x/1.30 HC PL APO Oil CS2). Band pass ranges were selected to be 
± 10nm of the PL peak positions of RGB QDs, which are 616nm, 516nm, 470nm respectively. 
The PL spectra of patterned QD films were collected with a Horiba Jobin Yvon FluoroMax-3 
spectrofluorometer using a 400nm excitation light. The LED characteristics were recorded using 
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APPENDIX A: SELF-ALIGNED CU ETCH MASK FOR INDIVIDUALLY 
ADDRESSABLE METALLIC AND SEMICONDUCTING CARBON NANOTUBES 
Significant components of this chapter were published as “Self-Aligned Cu Etch Mask for Individually Addressable 
Metallic and Semiconducting Carbon Nanotubes,” Y. Jiang, F. Xiong, C. – L. Tsai, T. Ozel, E. Pop, and M. Shim, 
ACS Nano 8, 6500 – 6508 (2014).  
ABSTRACT 
Two means to achieve high yield of individually addressable single-walled carbon 
nanotubes (CNTs) are developed and examined. The first approach matches the effective channel 
width and the density of horizontally aligned CNTs. This method can provide single CNT 
devices and also allows control over the average number of CNTs per channel. The second and a 
more deterministic approach uses self-aligned Cu-filled trenches formed in a photoresist (after 
Joule heating of the underlying CNT) to protect and obtain a large number of single CNT devices. 
Unlike electrical breakdown methods, which preserve the least conducting semiconducting 
CNTs and can leave behind metallic CNT fragments, our approach allows the selection of the 
single most conducting metallic CNT from an array of as-grown CNTs with average resistance 
~14 times lower than as-fabricated single metallic CNTs. This method can also be used to select 
the best semiconducting CNT from an array and yields, on average, devices that are 15 times 
more conductive with 40 times higher ON/OFF ratio than those selected through electrical 
breakdown alone. 




High current density and high carrier mobilities1, 2 along with exceptional thermal3, 4 and 
mechanical5-7 properties make single-walled carbon nanotubes (CNTs) attractive as both active8 
and passive9 components of next-generation high-performance electronics. Among many 
envisioned applications, field-effect transistors (FETs),10, 11 non-volatile memories12, 13 and even 
integrated circuits14-16 have been achieved with CNTs.  However, despite their promise, 
challenges remain for developing CNT-based electronics, including achieving aligned arrays 
with predetermined periodicity, minimizing effects of variations in the surrounding 
environment17 and selecting the desired metallic or semiconducting electronic type.18-20 While 
much progress addressing these issues has been made (e.g., nearly perfect horizontal alignment 
via growth on quartz21, 22 and encapsulation to reduce surrounding induced electronic noise23), 
the presence of both metallic and semiconducting CNTs still remains one of the biggest 
roadblocks to electronics that take advantage of the nanometer dimension and high performance 
of individual CNTs. Progress in chirality-selective growth is being made but with limited success 
thus far.24-28 Hence, most efforts currently focus on systems that utilize large arrays of CNTs as 
the active medium to reduce device-to-device variations that arise from the electronic 
heterogeneity,29, 30 despite the compromise in the ultimate performance and size limits. However, 
individually addressable CNTs are an attractive choice especially as molecular scale electrical 
wires, switches, memories and sensors at the limits of physical scaling.31-33 
Electrical breakdown, when carefully performed, can reduce the number of CNTs 
spanning a pair of electrodes down to one, typically semiconducting with the largest band gap. 
However, this method selects the least conductive CNT in the channel, which leads to poor 
device performance. Preferentially selecting metallic CNTs by electrical breakdown is, at the 
very least, difficult if not impossible since it is usually a semiconducting CNT in its OFF state 
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that is the least conducting. Dielectrophoretic deposition34-36 from a presorted CNT suspension is 
another method to achieve individually contacted CNTs, but the AC electric field frequency 
requirements, applicability to only short (< ~1 m) CNTs and the presence of surfactants and 
solvents pose difficulties.  
Here, we first examine the degree of control over the number of CNTs spanning a pair of 
electrodes simply by controlling the effective width of the metal contacts to match the average 
spacing of horizontally aligned CNTs. We then demonstrate a new approach to obtaining 
individually addressable CNTs through a self-aligned Cu etch mask process that takes advantage 
of Joule heating to form a trench31 in the photoresist along the length of the most conducting 
CNT. A channel initially consisting of multiple CNTs with random electronic distribution can be 
converted to one metallic or one semiconducting CNT with the highest ON-current.  
 
RESULTS AND DISCUSSION  
Controlling the average number of CNTs via effective channel width: Since devices 
with  multiple CNTs in parallel can be easily fabricated using horizontally aligned CNTs,22 a 
high-yield approach that selects a desired number of CNTs within such a device could be a 
useful stepping stone to architectures that exploit unique aspects of individual or limited number 
of CNTs. Hence, we first consider the degree of control over the number of CNTs that span a 
pair of electrodes by optimizing the effective channel width either by electrode width or an 
additional isolation step as detailed in the Methods section. Figure A.1 shows the schematic of 
the two equivalent processes along with post-fabrication Atomic Force Microscope/Scanning 
Electron Microscope (AFM/SEM) images. Figure A.2 shows examples of current vs. gate 
voltage (IDS-VGS) characteristics of single CNT devices exhibiting semiconducting and metallic 
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characters. The gate of our devices is the conducting Si substrate (see Methods section). Here 
and throughout this paper, we define a CNT or a device consisting of multiple CNTs to be 
metallic if the ON/OFF current ratio, IMAX/IMIN < 10 and the minimum current, IMIN > 100 pA at 
drain voltage VDS = 50 mV within the gate voltage range of -15 V to +15 V. The ON/OFF ratio 
of the semiconducting CNT shown in Figure A.2 (a) is 1.13×105, and the field-effect mobility is 
~1900 cm2/V·s. The resistance per unit length of the metallic CNT in Figure A.2 (b) is 333 
k/m. The channel length of the device examined here varies from 3 to 7 m. These 
characteristics are similar to individual CNT transistors that are fabricated without effective 
channel width control to optimize the average number of CNTs. Also shown in Figure A.2 insets 
are the corresponding current vs. drain voltage (IDS-VDS) measured up to electrical breakdown to 
ensure that the correct number of CNTs have been accounted for. For the metallic and 
semiconducting CNTs shown in Figure A.2, each case shows a single breakdown event, 
indicating that a single CNT has been measured. 
 
Figure A.1. Schematics of controlling the average number of CNTs that span a pair of electrode by (a) varying the 
width of the electrodes and (b) varying the width of photoresist strips for isolation via reactive ion etching. The 
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right-most panel is an AFM (SEM) image of the fabricated devices for electrode width matching (isolation width 
matching).   
 
Figure A.2. Gate dependence of the drain current of single semiconducting (a) and metallic (b) CNT 
devices. Insets show single breakdown events confirming that both devices had only one CNT connection. 
The semiconducting CNT shows a sharp current increase before breakdown, consistent with avalanche 
carrier multiplication.37 
Even for CNTs grown on quartz that show nearly perfect horizontal alignment (e.g., see, 
Figure A.3), the control over the separation distance between CNTs is still lacking. Assuming 
random spacing between CNTs for a given average linear density , the probability P of 
obtaining a certain number N of CNTs spanning a channel of controlled width w (either by fixing 
the electrode width or the isolation strip width) can be described by a Poisson distribution,                                                     
                                                              
                                                                    𝑃 =
[𝑒−𝜌∙𝑤∙(𝜌∙𝑤)]𝑁
𝑁!
  .                                                     (1)                                                         
Figures A.4 (a) – (c) show that our experimental distributions for the cases optimized for N = 1, 3 
and 5 connections follow this distribution very closely and simply matching the effective channel 





Figure A.3. SEM image of aligned CNTs grown on a single crystal quartz substrate. 
In addition to the predictability of the average number of CNTs spanning a channel, 
controlling the effective channel width allows one to examine how maximum current and 
ON/OFF current ratio (i.e. the semiconducting vs. metallic character of the devices) scale with N. 
Assuming 1/3 of the CNTs to be metallic and that one or more metallic CNTs will cause the 
device to behave metallic, the percentage of devices with metallic behavior scales as 1 − (2/
3)𝑁. Figure A.4 (d) compares the expected percentage of devices exhibiting metallic character 
with experimental results. IMAX vs. IMIN plots for 1, 3, and 5 CNT connections from which the 
experimental percentages are obtained are shown in Figure A.5. The devices quickly exhibit 
metallic behavior with increasing number of CNTs. Even with only two CNTs per channel, over 
50% of the devices behave metallic. At five CNTs per channel, 78% of the devices exhibit 
metallic behavior. These results should provide useful scaling trends in developing few-CNT 







Figure A.4. (a-c) Histograms of the number of connections of CNTs obtained by controlling the effective channel 
width as indicated. Fitting results using Poisson distribution (eq. 1) with fixed channel width, w, and fitting 
parameter of CNT density, , as indicated are also shown (experimental average  ~ 0.5 CNT/m for all three cases). 
(d) Scaling of the percentage of devices exhibiting metallic behavior with the number of CNTs in the channel. The 
filled squares represent experimental values and the dashed line represents the expected values based on the 





Figure A.5. Maximum current vs. minimum current for 1, 3 and 5 CNTs per channel as indicated. The red circles 
represent semiconducting CNTs, and black squares represent metallic CNTs as defined in the main text. 
 
Self-aligned Cu etch mask for selecting the most conductive individual CNTs: The 
next challenge addressed here, which is perhaps one of the most difficult ones yet to be tackled, 
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is the selection of the single most conducting CNT (often metallic or large-diameter 
semiconducting) from an array of multiple CNTs of both metallic and semiconducting character 
that span a pair of electrodes. Obviously, the above method of controlling the effective channel 
width to match CNT density leads to a random distribution of characteristics and therefore a 
more deterministic approach is needed. Electrical breakdown, by design, removes the most 
conducting CNTs first and therefore cannot be used to select metallic CNTs let alone the most 
conducting ones. Dielectrophoretic deposition has limitations including the need for surfactants 
that can increase contact resistance and has been shown to be applicable mostly to relatively 
short CNTs.38 The latter problem can be significant if considering the use of metallic CNTs for 
applications such as interconnects.  
Our new approach exploits the ability to thermally form a “trench” within a thin film of poly 
(methylmethacrylate) (PMMA) by Joule heating the underlying CNTs,31, 39 as shown in Figure 
A.6. When current is passed through a device with multiple CNTs, the most conducting CNT 
reaches the highest temperature first, opening a trench in the PMMA surrounding it and therefore 
providing physical access for further manipulation. Unless otherwise noted, the devices were 
kept in vacuum during the trench formation process. Subsequent deposition of Cu and PMMA 
lift-off lead to a Cu nanowire that self-aligns with the most conducting CNT within the array. 
The exposed and less conducting CNTs are etched by an O2 plasma, while the Cu nanowire 
protects the most conductive CNT. The AFM height profiles in Figures A.6 (b) – (c) show that 
the Cu mask is ~30 nm in height and the remaining CNT (after Cu etching) is ~2 nm in diameter, 
suggesting there is no significant Cu residue after its removal. Note that in Figure A.6 (b), there 
is a CNT very close to the Cu nanowire (within ~100 nm), indicating our self-aligned Cu etch 
mask approach can be effective with high spatial resolution and high density of CNTs. While the 
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choice of Cu here is due to simple and well-known solution chemistry for its removal and for it 
being the primary choice for interconnects in electronics, our approach is applicable to other 
materials as well (e.g., in a previous study,31 Ge2Sb2Te5, Au, and HfO2 nanowires were also 
formed self-aligned with CNTs).  
Figure A.6. (a) Schematic describing the fabrication process leading to a single CNT device via self-aligned Cu etch 
mask. AFM images and the corresponding height profiles of the Cu nanowire covering the selected CNT after lift-
off (b) and the one remaining CNT after reactive ion etching and Cu etching (c). The scale bars are 1 m. 
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The electrical characteristics of a metallic CNT device before and after the self-aligned 
Cu nanowire etch mask process are shown in Figure A.7. The transfer characteristics of the 
original multiple-CNT device exhibits slight gate voltage dependence, indicating the presence of 
some semiconducting CNTs in the channel. During Joule heating, the most conductive CNT 
forms a trench in the PMMA first due to the highest current flow. By controlling the applied bias 
across the channel while applying positive gate voltage to turn off semiconducting CNTs, the 
trench formation can be limited to a single metallic CNT. Then Cu is only selectively deposited 
on the most conductive metallic CNT. Figure A.7 (a) shows the gate dependence of the device 
before and after the selection process and Figure A.7 (b) depicts the IDS-VDS characteristics of the 
selected single metallic CNT. Gate voltage dependence is eliminated, while the current remains 
reasonably high.  
 
Figure A.7. (a) Gate dependence of drain current of a device (channel length = 4 μm) before and after the self-
aligned Cu etch mask process to select the most conductive individual metallic CNT (VDS = 50 mV). (b) Current vs. 
voltage characteristics of the selected single metallic CNT at various gate voltages. 
Figure A.8 compares the distribution of IMAX and IMIN of 54 metallic CNTs selected by 
the self-aligned Cu mask process with those of 22 as-fabricated metallic CNTs (without going 
through the Cu etch mask selection process) that were identified as having a single CNT 
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connection. Our single metallic CNT selection process leads to a significantly higher percentage 
of CNTs with both larger IMAX and IMIN. The average resistance normalized by length 
(corresponding to IMAX) of Cu etch mask-selected metallic CNT devices is 98 k/m whereas 
that of the as-fabricated CNTs is 1379 k/m. Furthermore, the unchanging Raman D/G band 
intensity ratio (Figure A.9 (a)) and the similar current level of a singly connected CNT (Figure 
A.9 (b)) before and after the Cu etch mask process verify that no noticeable damage was 
induced. These results demonstrate that not only can the most conducting metallic CNTs be 
selected but also their performance can be preserved by our new self-aligned Cu etch mask 
process.  
 
Figure A.8. Comparison between single-connection metallic CNT devices selected by the self-aligned Cu etch mask 
approach and those as-fabricated (current is normalized to channel length L = 3, 4 or 7 μm). For all data points, VDS 





Figure A.9. (a) Raman spectra of a CNT before and after the Cu mask process for selecting the most conductive 
metallic CNT. Inset is the D-band region indicating that there is no significant change in the degree of disorder. (b) 
Gate dependence of drain current of a device with only one CNT before and after the self-aligned Cu etch mask 
process. 
Comparison to finite element model: In order to investigate the temperature profile in 
our devices and the minimum power required for the trench formation process, we have 
developed a finite element model (FEM) using a commercial package (COMSOL Multiphysics). 
Our three-dimensional (3D) simulation platform is consistent with the experimental setup and 
self-consistently takes into account the electrical, thermal and Joule heating interactions. 
Simulation parameters including electrical resistivities, thermal conductivities, thermal boundary 
resistances and electrical contact resistances have been reported in detail elsewhere.31 Figure 
A.10 (a) shows a typical cross-sectional temperature profile of the plane that bisects the CNT in 
the middle. The trench is formed at locations where the PMMA temperature reaches beyond its 
boiling point (~523 K), as shown in the void region in Figure A.10 (a). Figure A.10 (b) shows 
the sharp temperature profile along the lateral direction with a peak temperature gradient of ~1.6 
K/nm. This confirms that the CNT heater could provide highly localized temperature profile and 
form a nanoscale trench. Our electro-thermal simulation indicates that for a 2.5 µm long CNT 
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device, the input power (excluding power dissipation at the contacts) should be >410 μW (>163 
μW/μm) to facilitate trench formation at 110 °C, which is the substrate temperature used in the 
experiments and close to the glass transition temperature of PMMA.  
 
Figure A.10. Simulation results from finite element model. (a) Cross-sectional temperature profile in the middle of 
the CNT channel with input power 163 μW/μm. The void region on the left corresponds to the trench in PMMA, set 
as the domain where the PMMA boiling temperature is exceeded. The CNT is drawn disproportionally large for 
clarity. (b) The temperature profile of the PMMA top surface shows that heating is highly localized near the CNT 
with a temperature gradient of ~ 1.6 K/nm. The substrate temperature was set to 383 K (=110 oC). 
In order to compare to this expected power requirement, we have monitored the trench 
formation under an optical microscope with 100× objective. For convenience, a blanket of Ar gas 
was flown over the samples (to limit CNT oxidation) instead of conducting the experiments in 
vacuum.  The voltage across a device with multiple parallel CNTs was swept from 0 V at a rate 
of 62 mV/s and removed once a complete trench was observed to form under the microscope. 
The measured voltage and current at this stage provide total input power. We note that although 
trench widths are of the order ~50 nm, they are conveniently visible under an optical microscope 
due to sufficient light interference.31 After the trench formation, electrical breakdown of the 
exposed CNTs was performed in order to estimate the resistance of the CNT that formed the 
PMMA trench (i.e., by measuring the resistance of the remaining CNTs). Assuming the ratio of 
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the resistance of the CNT that formed the trench to that of other CNTs in the channel remains the 
same in the linear and the saturation regimes, we can separate out the power dissipation from the 
particular CNT that formed the trench (i.e. the power necessary for evaporating the surrounding 
PMMA) from the measured total input power. The power needed for trench formation calculated 
from these experiments ranges from 400 to 800 W for CNTs with 2.5 m channel length (160 
to 320 μW/μm) which agrees very well with the FEM results.  
Extension of self-aligned etch mask approach to selecting most conductive 
individual semiconducting CNTs: By combining our self-aligned Cu nanowire etch mask 
process and electrical breakdown, individual semiconducting CNTs of the highest ON currents 
can also be obtained. First, the metallic CNTs can be eliminated by electrical breakdown under 
large positive gate voltage (which turns off the semiconducting CNTs). Then, the self-aligned Cu 
etch mask can be applied in the same manner as the metallic CNT case to select the most 
conductive semiconducting CNTs in each channel. The transfer characteristics of a 
semiconducting CNT device before and after the selection process are shown in Figure A.11. 
The former curve is before Cu etch mask selection but after electrical breakdown to remove 
metallic CNTs. While the IMAX decreases only by ~ 15% (from 71.1 nA to 60.3 nA), the 




Figure A.11. Transfer characteristics of a semiconducting CNT device (channel length = 4 μm) before and after the 
self-aligned Cu etch mask selection process. The resulting individual semiconducting CNT is the most conducting 
one in its ON-state.  
While single-connection semiconducting CNTs can be obtained by electrical breakdown 
alone, i.e., breakdown until there is only one CNT left in the channel, the combination of 
electrical breakdown and self-aligned Cu mask process leads to much improved characteristics as 
exemplified by the IMAX vs. IMIN distribution in Figure A.12. Compared to the single connection 
devices obtained from electrical breakdown alone, which preserves the least conductive CNT in 
the channel, individual semiconducting CNTs selected by our self-aligned Cu etch mask process 
have ~15 times higher IMAX on average, while maintaining similar rage of minimum currents. 
The average ON/OFF ratio of the devices selected from the self-aligned Cu etch mask is 
~2.2×105, which is ~40 times higher than that of the CNTs obtained from electrical breakdown 
alone (~5.6×103). Furthermore, our self-aligned Cu etch mask process physically removes the 
entirety of undesired CNTs (after the etching step) whereas electrical breakdown leaves large 
CNT fragments in the channel, typically connected to one of the source or drain electrodes. The 




Figure A.12. Comparison of ON and OFF currents of single CNT devices obtained by electrical breakdown and by 
the self-aligned Cu mask process. For all data shown, VDS = 50 mV and channel length L= 3 or 4 m. 
 
CONCLUSIONS 
We have demonstrated a simple and efficient method for obtaining large numbers of 
high-performance single-connection CNT devices via a self-aligned Cu nanowire etch mask 
process, applied to as-grown parallel CNT arrays. This method can be performed to fabricate 
individual CNT devices of desired metallic or semiconducting character. In addition to the 
selectivity for single metallic CNTs which is difficult to achieve by any other process, our 
approach leads to the selection of the most conducting CNTs for both metallic and 
semiconducting cases. We have also shown that optimizing the effective electrode width with 
respect to the CNT density can provide single CNT devices with yields approaching the 
statistical limit for random CNT separation distances and as the number of CNTs per channel 
increases, net metallic behavior quickly dominates. The two approaches to controlling the 
number of CNTs examined here provide complementary insights that can facilitate the 
development of deterministic means to obtaining the highest performance semiconducting and 
metallic CNTs with single CNT precision.   
 
METHODS 
Horizontally aligned CNTs were grown by chemical vapor deposition on ST-cut quartz 
(Hoffman Materials) using ferritin (Sigma-Aldrich) as catalyst and CH4 as carbon source.
42 
Aligned CNTs grown on quartz were transferred onto SiO2 (300 nm) / p
++ Si substrates 
(resistivity = 0.005 ·cm) in order to characterize the electrical properties using back gate.43 
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Lithographically patterned metal pads (2 nm Ti and 25 nm Pd) were deposited by electron beam 
evaporation to define the contact electrodes (channel lengths were 2, 3, 4 or 7 μm). The CNTs in 
the channel areas were then covered by a photoresist (AZ 5214), and CNTs outside this region 
were etched by O2 plasma to isolate the devices. After removing the photoresist in acetone, 
rinsing with acetone/isopropanol and drying under N2 flow, devices were annealed at 400 °C 
under 500 cm3/min each of Ar and H2 flow for 1 h to ensure good contact between the metal 
pads and the CNTs. The resulting devices had multiple CNTs in the channel.  
In order to obtain, on average, a desired number of CNTs per channel, isolation patterns that 
matched the CNT density were lithographically introduced and reactive ion etching was carried 
out. For example, for a desired average of 1 CNT per channel for a substrate having an average 
CNT density of ~0.5 CNTs/m, isolation stripes of 2 m width were used. Similarly, for other 
desired average number of CNTs per channel, larger strip widths were used (e.g., 6 m for 
average of 3 CNTs, 10 m for average of 5 CNTs per channel for CNT density of ~0.5 
CNTs/m). Equivalently, the width of the metal electrodes can be optimized to obtain a 
controlled average number of CNTs (e.g., 2 m, 6 m and 10 m electrode widths for 1, 3, and 5 
CNT connections on average per channel for same density of CNTs as striping method). 
For a more deterministic approach to achieving individually contacted metallic CNTs, the 
following self-patterning and etching steps were carried out. Multi-CNT devices were first 
fabricated from substrates with CNT density between ~0.5 to 1.5 CNTs/m similar to the 
electrode width optimization described above using 4 m channel width. This channel width 
then leads to on average ~ 4 CNTs/device but the actual number varies from 0 to a little over 10 
CNTs/device. Self-aligned nanotrenches were then formed by spin casting ~50 nm of PMMA 
(495A2 MicroChem) onto the multi-CNT devices at 4500 rpm for 30 s, and baked at 200 °C in 
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air on a hot plate for 2 minutes. Subsequent Joule heating of the CNTs31 was carried out in 
vacuum (4×10-5 Torr) using Keithley 4200 Semiconductor Characterization System with 
substrate temperature of 90 °C for metallic CNT devices and 110 °C for semiconducting CNT 
devices. A gate voltage (VGS = 40 V for selecting metallic CNTs and VGS = -40 V for selecting 
semiconducting CNTs) was applied to assist the formation of nanotrenches. For visual 
inspection, trench formation was carried out under a blanket of Ar under an optical microscope 
with a 100× objective. Without observing trench formation process to optimize the power during 
the experiment, 78 of 96 devices examined formed at least one trench and 70% of those formed a 
single trench in the PMMA when VDS was ramped up until 500 W/m was reached. Cu thin 
film with thickness of 10 nm was then deposited by electron beam evaporation with ~0.1 Å/s 
deposition rate. Lift-off was performed by placing the sample in a 60 °C acetone bath overnight, 
which led to Cu nanowires surrounding the CNTs. O2 plasma (10 mTorr, 1 cm
3/min O2, 25 W, 
20 seconds) was used to remove all CNTs not protected by the Cu nanowires. Subsequently, the 
Cu nanowires were etched away using 0.1 M ammonium persulfate solution.44 Individual 
semiconducting CNT devices were obtained by the same process with an additional electrical 
breakdown step to first remove the metallic CNTs. Post-measurement electrical breakdown was 
carried out to ensure the number of CNTs for a given pair of metal contact pads.  
All post-fabrication electrical measurements were carried out in air with an Agilent 
4156C Semiconductor Parameter Analyzer. Raman spectra were collected on Jobin-Yvon 
Labram HR800 using a 100× air objective with 633 nm laser excitation source. The laser spot 
size was ~1 m and the power was kept under 1 mW. AFM images were obtained with Asylum 
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APPENDIX B: AU GRID/CNT ELECTRODS FOR GATE DEPENDENT LEDS 
Tuning the energy levels of CTL and nanocrystal materials has been challenging due to the 
limited choices of materials. As an alternative approach, electrically tuning the energy levels of 
materials with a back gate has been considered. As shown in Figure B.1, the proposed device 
structure integrates a vertical transistor with the LED structure by adding a gate electrode. Starting 
from an ITO/glass substrate, a dielectric layer could be deposited to obtain the gate structure. With 
an anode that is transparent to electric field (i.e. not a continuous conductor), the gate effect could 
shift the energy level of the HTL. However, for light emission purpose, the anode not only needs 
to be transparent to electrical field, but should also be transparent to visible light. Plus, the anode 
must have high conductivity to drive the LED, and also low surface roughness for the successful 
deposition of the following layers.  
 
Figure B.1. Schematic of a gate-dependent LED. The anode and cathode of the LED also function as the drain and 
source electrodes for the vertical FET.  
Several designs of the anode have been examined, as summarized in Table B.1. Carbon 
nanotubes (CNTs) have been selected as the anode material to achieve the transparency to electric 
field. However, thin layers of transferred or spincoated CNT film are not conductive enough to 
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provide the current level needed for LED operation, as shown in the first row of Table B.1. Even 
with a very thick sprayed CNT film, the conductivity is still about one orders of magnitude lower 
than the standard LED devices. To improve the conductivity, Au grid electrode was integrated 
with the CNT film as the anode. However, since the following layer TFB is only ~ 20 nm in 
thickness, the ~ 50 nm tall Au grid features caused shorting of the devices, as shown in the third 
row of Table B.1. Finally, the electrode design that integrates an embedded Au grid with CNT film 
has provided desirable current density with rectifying I-V characteristics (forth row of Table B.1). 
The embedded Au grid/CNT electrode will be introduced with more details.  
 
Table B.1. A summary of the tested designs for the anode. 
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The device structure is shown in Figure B.2 (a). Since PEDOT:PSS is a polymer conductor 
that will screen the electric field generated by the gate, it is eliminated from the LED structure, 
and only the HTL is applied in the device. To achieve high enough conductivity, a Au grid structure 
is incorporated in the anode design. At the same time, for a low surface roughness, the Au grid is 
imbedded in the dielectrics. The fabrication process is described in Figure B.2 (b). On top of the 
embedded Au grid, a CNT film is applied for higher coverage of the electrode. The SEM images 
of the Au grid/CNT electrodes are shown in Figure B.2 (d) and (e). As shown in Figure B.2 (a), 
this electrode is still highly transparent to visible light.  
 
Figure B.2. (a) Schematic of the structure of the gate dependent LED with embedded Au grid/CNT as anode. (b) The 
fabrication process of the embedded Au grid electrode. (c) A photograph of the Au grid/CNT electrode shows that the 
electrode is transparent to visible light and suitable for light emitting applications. (d) SEM image of the Au grid/CNT 
electrode, with a higher magnification image of the edge of the Au grid shown in (e). 
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The LED device is firstly examined without applying gate voltage. As mentioned before, 
the resulting LED device showed rectifying I-V characteristics (Figure B.3 (a)) and 
electroluminescence (Figure B.3 (b)), but the El is not uniform in the pixel area (inset of Figure 
B.3 (b)).  
 
Figure B.3. (a) Current density-voltage and (b) luminance-voltage characteristics of the LED device (without applying 
a gate voltage). The inset in (b) shows non-uniform EL from a device under 6 V.  
When a gate voltage is applied, the device showed distinct behaviors with vs. without light 
emission. As shown in Figure B.4 (a), in the designed device structure, the energy state of HTL 
should be shifted down with a negative gate voltage, resulting in more favorable energy band 
alignment in the LED, and higher source-drain current (Ids) under a given Vds. Conversely, with a 
positive gate voltage, the energy level of the HTL should be shifted up, leading to lower Ids. This 
expected gate dependency was observed when the Vds is 2 V, which is below the light emission 
threshold of the LED (~ 3V), as shown in Figure B.4 (b). However, at Vds = 5 V, the LED is turned 
on, and part of the carriers in the source-drain current start to recombine radiatively. In this case, 
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the Ids-VG characteristics become noisy, with no obvious dependency to the gate voltage (Figure 
B.4 (c)). 
 
Figure B.4. (a) Schematic of the expected gate response of the gate dependent LEDs. Ids-VG characteristics of the 
devices when Vds is (b) below and (c) above the threshold for light emission. 
To further improve the design of the gate dependent device, more uniform light emission 
is of course desirable, but the complex behavior of carriers during device operation might be a 
bigger challenge for research. With a gate voltage and a Vds higher than the threshold of LED light 
emission, radiative and non-radiative recombination, carrier transport, as well as gate response will 
all present in the device. These behaviors should be separated for studying the gate dependency of 
the devices.  
 
